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Abstract 
 
The Holocene evolution of the Asian monsoon remains poorly constrained due to 
the lack of information on past wind trajectories and intensities in central Asia. Mineral 
dust mobilized from aeolian deposits, transported by atmospheric currents and 
deposited in environmental archives such as peatlands, offers the potential to elucidate 
past changes in monsoon dynamics. This thesis examines the history of palaeomonsoon 
circulation in central Asia during the Holocene through the study of the fluxes and 
sources of dust deposited in a peatland on the eastern Tibetan Plateau, and the use of 
this record to constrain numerical simulations of dust transport.  
Different Asian dust sources capable of providing material to the peat deposit were 
characterized geochemically to establish a framework of provenance tracers for their 
identification. Rare earth element-based proxies were shown to be effective 
geochemical tracers to distinguish between them. These proxies were measured in a 
9,500 year old peat core from Hongyuan to reconstruct the history of mineral dust 
deposition in this region. Results suggest that the deposits of northern and northwestern 
China dominated dust input to the peat throughout the Holocene and particularly during 
the last 5 kyr, with earlier deposition also governed by high local contributions. All 
geochemical proxies indicate that the northern sources dominated between 3.1-2.7 and 
1.7-0.9 kyr BP, accompanied by a large increase in dust fluxes. These changes are 
interpreted as a strengthening of the East Asian winter monsoon, in agreement with 
other studies in the region. Annual fluxes and sources simulated with a regional 
atmosphere-chemistry/aerosol climate model show good agreement with the 
geochemical data.  
These results provide the first uninterrupted interpretation of atmospheric 
circulation patterns in central Asia during the Holocene and confirm the potential of 
peatlands as reliable repositories of dust deposition and as high-quality datasets against 
which regional model simulations can be evaluated. 
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Figure 5.8. Depth profiles of Al, Mg, K and Fe concentrations normalized to Ti to 
correct for variations in density and dust input. 
 
Figure 5.9. Depth profiles of (La/Yb)PAAS, (Eu/Eu*)PAAS and Y/TbPAAS in the HYLK-1 
peat core showing seven phases of dust deposition and their respective ages. 
 
Figure 5.10. Post Archean Australian Shale-normalized REE patterns for average 
concentrations from each phase in the HYLK-1 peat core and for the different Asian 
dust sources considered in this study (PAAS: Taylor and McLennan, 1985). 
 
Figure 5.11. Bivariate plots of Y/TbN versus (Eu/Eu*)N, Y/TbN versus (La/Yb)N, 
Y/∑REEN versus (La/Yb)N and (D) Y/LaN versus (Eu/Eu*)N for the HYLK-1 peat 
samples (n = 93) and for the bulk surface samples from the Asian dust sources 
considered. The N subscript indicates that values are normalized to PAAS (PAAS: 
Taylor and McLennan, 1985). 
 
Figure 5.12. Bivariate plots of LaN/Th versus Y/TbN, Sc/LaN versus Y/TbN, Y/ErN 
versus (La/Yb)N, Th/∑REEN versus Sc/LaN, Sc/LaN versus Y/ErN, LaN/Th versus Y/ErN 
and Th/Sc versus Y/TbN showing the composition of the HYLK-1 peat samples from 
the different phases of deposition and the domains occupied by the different dust 
sources considered. The plots suggest that the composition of the peat core dust can be 
explained by a mixture of dust from the local soils, the Taklamakan desert and the 
Chinese loess plateau. 
 
Figure 5.13. Depth profile of the contribution of the Taklamakan desert, Chinese loess 
plateau and Tibetan soils  to the HYLK-1 core for each bivariate plot given in Figure 
5.12. 
 
Figure 5.14. Age profiles of the total dust fluxes deposited in the core and relative dust 
contributions to the HYLK-1 peat core from the Chinese loess plateau, the Taklamakan 
desert and the Tibetan soils, plotted as the average of all profiles shown in Figure 5.13. 
Results are compared to previously published cold, dry and wet periods identified in 
HYLK-1 and in other archives in central Asia. 
 
Figure 6.1. Map showing the location of the Hongyuan peat core, of other 
environmental archives to which the HYLK-1 core is compared and that of ancient 
centres of mining/smelting activities with available Pb data. 
 
Figure 6.2. Depth profiles of the Pb concentration (μg g-1), Pb flux, ΦPb = 
10*[Pb]*ρ*h/Δt, (mg m-2 y-1), Pb/Sc ratio and EFPb (normalized to the local signature) 
in HYLK-1. 
 
Figure 6.3. Depth profiles of the 
206
Pb /
207
Pb, 
206
Pb/
204
Pb, 
207
Pb/
204
Pb and 
208
Pb/
204
Pb 
isotopic ratios in HYLK-1. 
 
Figure 6.4. Changepoint structure of the 
206
Pb /
204
Pb profile in HYLK-1 and its 
probability density function. 
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Figure 6.5. Depth profiles of the Pb/Sc ratio, changepoints and the four isotopic ratios 
presented in figure 6.4 (normalized to the local signature) showing phases of Pb 
deposition 1-5 with their respective ages. 
 
Figure 6.6. Plots of isotopic ratios 
206
Pb /
207
Pb, 
206
Pb/
204
Pb, 
207
Pb/
204
Pb and 
208
Pb/
204
Pb 
against the inverse of Pb concentration 1/[Pb] for the HYLK-1 peat samples from each 
phase and Hongyuan surface soils. Results for all isotopic ratios indicate a mixture of 
three Pb-sources in HYLK-1. 
 
Figure 6.7. Three-isotope plots of 
208
Pb/
207
Pb vs. 
206
Pb/
207
Pb, 
208
Pb/
206
Pb vs. 
206
Pb/
207
Pb, 
207
Pb/
204
Pb vs. 
206
Pb/
204
Pb and 
208
Pb/
204
Pb vs. 
206
Pb/
204
Pb showing the 
composition of the HYLK-1 peat samples from each phase as well as fields from the 
potential natural and anthropogenic Pb sources considered. 
 
Figure 6.8. Comparison of the Holocene Pb fluxes, isotopic composition (represented 
by the 
206
Pb/
207
Pb profile) and qualitative changes in Pb source contributions of the 
deposited Pb in HYLK-1 to previously published Pb concentration data from Hongyuan 
(Yu et al., 2010), isotopic data from lake sediments (Lee et al, 2008) and identified cold 
(blue) and cold and dry phases (yellow) from HYLK-1 (Large et al., 2009). 
 
Figure 6.9. Synthetic figure including the depth profiles of the ash concentration, Pb 
isotope ratios, (La/Yb)PAAS, Y/TbPAAS and fractions of dust from the different dust 
sources considered. 
 
Figure 7.1. Location of the Hongyuan peat core, major dust sources of northern and 
northwestern China and other palaeoclimate archives to which the Hongyuan record is 
compared (A). Age vs. depth profile of the HYLK-1 peat core (B). Position of the 
HYLK-1 peat samples and potential dust sources in the bivariate plot of LaPAAS/Th vs. 
Y/TbPAAS (PAAS: Taylor and McLennan, 1985) (C). 
 
Figure 7.2. Time series of the relative contributions of dust from the Chinese loess 
plateau and Taklamakan desert to the total dust deposited at each depth in HYLK-1 and 
resulting dust fluxes from both sources. 
 
Figure 7.3. Comparison of the time series of the contribution of dust from the loess 
plateau to the smoothed δ18O records of stalagmite DA and D4 from Dongge cave 
(Dykoski et al., 2005; Y. Wang et al., 2005) and to the NGRIP δ18O record (Andersen et 
al., 2004). 
 
Figure 7.4. Comparison of dust fluxes from the Chinese loess plateau measured in 
HYLK-1 and taken as a proxy for the strength of the East Asian winter monsoon to the 
smoothed detrended Δ18O record of Dongge cave stalagmite DA (Y. Wang et al., 2005), 
the δ18O record of Dongge cave stalagmite D4 (Dykoski et al., 2005) and the δ18O 
record of Hoti cave stalagmite H5 (Neff et al., 2001). 
 
Figure 7.5. Qualitative model of the position of the boundary between the East Asian 
and Indian monsoon sub-systems based on the observation that the strength of the East 
Asian winter monsoon and Indian summer monsoons are anti-correlated. 
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Figure 7.6. Comparison of the dust fluxes from the Chinese loess plateau and 
Taklamakan desert measured in HYLK-1, taken as proxies for the strength of the winter 
monsoon and Westerly jet respectively, the detrended record of NGRIP Δ18O (Andersen 
et al., 2004) and the timing of Bond events 1-6 in the North Atlantic (Bond et al., 2001). 
 
Figure 7.7. Synthetic maps showing the relative changes in the pathway of the winter 
monsoon and Westerly jet during different periods of the Holocene, interpreted from 
the record of dust deposition at HYLK-1. 
 
Figure 8.1. Surface areas available for dust emissions prescribed in the model 
simulations. 
 
Figure 8.2. Dust emission flux (g m
-2
 y
-1
) from the dust sources prescribed simulated by 
REMOTE averaged over the period 1996-1998. 
 
Figure 8.3. Simulated annual dust emission flux from the individual dust sources 
averaged over the period 1996-1998 (Mt y
-1
) as well as total emission fluxes from the 
Chinese deserts and loess areas and total fluxes over the entire area. 
 
Figure 8.4. Monthly simulated emissions averaged over the period 1996-1998 (Mt) for 
the Chinese deserts and loess deposits and for the Thar desert. 
 
Figure 8.5. Inter-annual variability of the simulated dust emissions for the years 1996-
1998 (Mt). 
 
Figure 8.6. Dust deposition fluxes (g m
-2
 y
-1
) from the dust sources prescribed 
simulated by REMOTE averaged over the period 1996-1998. Observed average fluxes 
at Hongyuan and different archives are also shown. 
 
Figure 8.7. Comparison between the modelled dust deposition fluxes from the different 
dust sources at the location of the Hongyuan peat core averaged over the years 1996-
1998 to the average fluxes measured in the core (g m
-2
 y
-1
). 
 
Figure 8.8. Inter-annual variability of the modelled dust deposition fluxes at the 
location of the Hongyuan peat core for the years 1996-1998 (g m
-2
 y
-1
). 
 
Figure 8.9. Scatterplot showing the logarithm of the mean observed and mean modelled 
total dust deposition rates (g m
-2
 y
-1
) for the Hongyuan peat core and for different 
marine and terrestrial archives from the DIRTMAP database. 
 
Figure 8.10. Effect of varying the threshold values for the fraction of vegetation and 
roughness length on the total surface areas available for dust emissions. 
 
Figure 8.11. Effect of varying the threshold values for the fraction of vegetation and 
roughness length on simulated dust emissions from the different sources considered in 
January 1996, April 1996 and July 1996. 
 
Figure 8.12. Effect of varying the threshold values for the fraction of vegetation and 
roughness length on simulated dust deposition to the Hongyuan peat core.  
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Chapter 1 
 
Introduction 
 
The Holocene evolution of the East Asian and Indian monsoon systems has been 
reconstructed using high-resolution speleothem records from eastern China and Oman 
(Neff et al., 2001; Fleitmann et al., 2003; Dykoski et al., 2005; Y. Wang et al., 2005; 
Maher, 2008). The existing data indicate that the strength and dynamics of the 
monsoonal circulation are significantly correlated with orbital forcing and the resulting 
changes in northern hemisphere solar insolation. However, continental sites at the 
marginal zones of the monsoon influence, such as lake sediments and loess-paleosol 
sequences in northern central China, reveal significant spatial and temporal monsoon 
variability during the Holocene (An et al., 2000; Stevens et al., 2007; Chen et al., 2008; 
Maher, 2008). A comprehensive discussion of the possible reasons for the mismatch 
between the in-phase changes recorded in the coastal cave deposits, and out-of-phase 
changes in central Asia, is hampered by the scarcity of terrestrial records in this region 
(P. Wang et al., 2005; Maher, 2008; Liu et al., 2009).  
One approach to constrain palaeomonsoon dynamics in central Asia is the study of 
past atmospheric circulation and wind strength derived from terrestrial archives 
(Svensson et al., 2000; Ding et al., 2001; Chen et al., 2006). Mineral dust emitted from 
arid regions, transported in the atmosphere and deposited in terrestrial settings such as 
peatlands, make up records which offer the potential to elucidate such changes in past 
circulation patterns (e.g. Biscaye et al., 1997; Kylander et al., 2007). Indeed, the 
geochemical properties of mineral dust preserved in peatlands provide information on 
both past dust fluxes, allowing reconstructions of changing wind strength and/or 
environmental conditions in the source region; and past dust provenance, which is 
indicative of wind direction and circulation patterns. These records of dust deposition 
can also provide useful constraints for atmospheric circulation models (e.g. Lunt and 
Valdes, 2002a; Laurent et al., 2006). 
The aim of this thesis is to reconstruct the history of palaeomonsoon circulation and 
environmental change in central Asia during the Holocene through the use of mineral 
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dust deposited in an ombrotrophic peat bog as a proxy for atmospheric circulation. To 
achieve this, the following objectives were defined:  
 
 (1) Establish new trace element-based provenance indicators for the accurate 
source tracing of Asian dust deposited in climate archives such as peat. This 
requires a number of considerations, including the use of a unique and reliable 
dissolution method to measure selected trace elements in all dust sample types, 
an understanding of the effect of particle size on the provenance indicators, and 
the determination of a suite of different tracers which can distinguish between 
the sources of interest. 
 (2) Reconstruct the history of Holocene mineral dust deposition to the eastern 
Tibetan Plateau as documented in a 6.2 m core from the Hongyuan peatland, an 
extensive peat deposit located at the marginal zone between different Asian 
monsoon sub-systems. This requires the determination of both dust fluxes and 
dust provenance throughout the peat profile. 
(3) Interpret the relationship between the dust deposition history recorded in the 
Hongyuan peat, environmental change on the eastern Tibetan Plateau and 
atmospheric circulation regimes in central Asia during the Holocene. 
(4) Reconcile numerical model simulations of dust transport to the eastern 
Tibetan Plateau with the information on dust fluxes and sources documented in 
the Hongyuan peat. 
 
This thesis consists of six chapters describing how the above research aims and 
objectives have been addressed (Chapters 3-8), preceded by a review of the published 
literature (Chapter 2). Chapters 3-7 focus on the geochemical work related to the 
characterization of the dust record retrieved from the Hongyuan peat and climatic 
interpretations of this record. Chapter 8 focuses on numerical model simulations of 
Asian dust transport to Hongyuan and the evaluation of the model with respect to the 
geochemical results obtained from the Hongyuan peat. Each chapter is designed to 
target a different research aspect and includes an abstract and introduction followed by 
methods, results and discussions. A brief description of each chapter is given below. 
 
Chapter 2 provides the foundation of this thesis via a comprehensive literature review 
of the work published to date. The information provided in this review is centred 
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around four main research themes and outlines the relevance of the Hongyuan peat 
record to current state of the art research: 
  
1- The Asian monsoon system, its evolution through time and its role within the global 
climate system; 
2- Mineral dust and its use as an indicator of past atmospheric circulation and 
environmental change, the use of trace elements (notably the rare earth elements, 
hereafter REE) as tools to investigate the source of dust deposited in different settings, 
and the sources and known properties of Asian dust aerosols; 
3- Peatlands as environmental archives and as terrestrial repositories of mineral dust 
aerosols; 
4- Numerical simulations of the dust cycle, the required input parameters regarding the 
parameterization of dust sources and emission fluxes and the current applications of the 
regional atmosphere-chemistry/aerosol model REMOTE used in this study. 
 
Chapter 3 describes the experimental development work which was carried out to 
refine a digestion method applicable to the dissolution of both peat and dust samples. 
The use of a single method for the analysis of all sample types facilitates the direct 
comparison between their compositions. As such, a unique sample preparation 
procedure is presented for the accurate and precise measurement of major and selected 
trace elements (Sc, Y, Th and the REE) in peat and dust matrices. This method is 
subsequently applied to the Hongyuan peat samples and different Asian dust sources 
that form the focus of this work. 
 
Chapter 4 provides the mineralogical and geochemical characteristics of the different 
Asian dust sources measured in this study. New source-specific provenance tracers are 
developed for the identification of Asian dust provenance in the Hongyuan peat and in 
other environmental archives. 
 
Chapter 5 is the first of two chapters detailing the geochemical characterization of the 
Hongyuan dust record and the determination of its main sources. The concentrations of 
total dust, major and rare earth elements along the peat profile are provided. The 
immobility of these elements is established, showing that the peat bog offers an 
accurate record of the variation in atmospheric dust deposition with time. The 
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provenance indicators developed in Chapter 4 are measured throughout the core and the 
different possible sources of the deposited dust are determined. Different stages of dust 
deposition are interpreted in terms of changing atmospheric circulation patterns above 
the eastern Tibetan Plateau during the Holocene. 
 
Chapter 6 details work on the deposition history of Pb aerosols in the Hongyuan peat. 
Lead concentrations and isotopic composition are measured throughout the core and 
combined with Pb fluxes and enrichment factors to reconstruct the Pb deposition history 
on the eastern Tibetan Plateau over the last 9500 years. The Hongyuan Pb record is 
placed in the general context of other Asian and global pre-industrial Pb records and its 
potential to record evidence of human activity in this region is discussed. 
 
Chapter 7 explores the climatic changes recorded by the variation of dust fluxes and 
provenance in the Hongyuan peat. The relationships between the record of atmospheric 
circulation established at Hongyuan and the climate histories documented by other 
records in Asia, the North Atlantic and Greenland are investigated.  
 
Chapter 8 shifts focus to the numerical modelling of Asian dust emissions and their 
transport to the eastern Tibetan Plateau, using the REgional MOdel with Tracer 
Extension (REMOTE). A dust emission scheme is implemented in the existing 
meteorological and tracer transport model to estimate dust emission fluxes from the 
Asian sources considered geochemically in the previous chapters. Three yearly 
simulations are carried out and the modelled deposition fluxes to Hongyuan are 
compared to those measured in the peat core. Rather than a critical assessment of the 
physical and chemical parameterizations of REMOTE, the purpose of this work is to 
assess the ability of the existing model to simulate dust transport over Asia, consider the 
important input parameters for the accurate modelling of dust emissions and illustrate 
the potential of environmental archives such as the Hongyuan peat to provide useful 
constraints to test model simulation results. 
 
The Appendix provides abstracts of publications associated with this work but not an 
integral part of it, as well as abstracts of conference poster and oral presentations 
conducted throughout this PhD project.   
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Chapter 2 
 
Literature review 
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2.1. Introduction 
 
A review of the literature relating to the research carried out in this thesis is 
presented here. In a first section, a general introduction to the Asian monsoon system is 
provided, starting with a description of what is known of its modern dynamics and 
drivers, followed by a discussion of the various archives and proxies that are used to 
reconstruct palaeomonsoon variability. While these are numerous, a distinct lack of 
terrestrial records can be observed. In this view, the Hongyuan peat core has the 
potential to greatly further our understanding of Holocene monsoon dynamics. The 
research pertaining to the reconstruction of palaeomonsoon variability on orbital to 
centennial-timescales is then reviewed and what is known of the evolution of the 
system during the Holocene is described. Finally, the role of the Asian monsoon within 
the global climate system is investigated through the study of teleconnections.   
In a second part, the study of mineral dust as a proxy for past atmospheric 
circulation and palaeoenvironmental change is discussed. First, the effects of mineral 
dust emissions  on the Earth's climate and the rationale for their use as indicators of 
palaeomonsoon circulation is examined, before a description of the main sources of 
Asian dust likely to have transported dust aerosols over the eastern Tibetan Plateau is 
provided. A third section will consider the use of the rare earth elements (hereafter 
REE), other selected trace elements and Pb isotopes as useful tools to investigate the 
sources of transported dust in different depositional settings. A review of published 
REE, trace element and Pb isotope data in Asian dust sources is provided. Finally 
certain considerations which must be taken into account when tracing the provenance of 
deposited mineral dust are outlined. 
A third part discusses the use of peatlands as environmental archives of mineral 
dust deposition. A brief description of the advantages of this matrix for the study of 
atmospheric circulation is given, followed by a discussion of the important 
considerations which must be addressed before using peat cores as dust repositories. A 
series of applications of peat archives for studies of past environmental changes found 
in the literature are then presented, finishing with a description of work previously 
carried out in the Hongyuan peatland. 
A fourth and final part focuses on model simulations of dust emissions, transport 
and deposition. First, the necessary input parameters for the parameterization of dust 
emissions are listed, before a description of model studies of Asian dust is provided. 
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Current limitations for the evaluation of dust models are discussed. Finally, a 
description of the regional climate model REMOTE (REgional MOdel with Tracer 
Extension, http://www.mpimet.mpg.de/en/wissenschaft/modelle/remote.html) is 
provided. REMOTE is used in this work to simulate emissions from different Asian 
dust sources and their transport to the location of the Hongyuan peat core. 
 
2.2. The Asian monsoon 
 
2.2.1. Introduction to the Asian monsoon 
 
The Asian monsoon controls the distribution of heat and moisture to the Asian 
continent, thus affecting the livelihood of some of the world's most densely populated 
regions (Webster et al., 1998). The Asian monsoon is separated into two linked sub-
systems, the East Asian monsoon and the Indian (or South Asian) monsoon (Fig. 2.1) 
(hereafter named EAM and IM), which arise from the difference in the land-sea 
distribution present in East and South Asia. The two monsoons respond differently to 
surface heating and the thermal condition of the equatorial Pacific and the resulting 
alternation between the high- and low pressure cells which grow and decay seasonally 
over Asia and the surrounding oceans (Fig. 2.2) (Hong et al., 2005; P. Wang et al., 
2005). The influence regions of these two monsoons are distinct and roughly divided by 
the 105ºE longitude line (P. Wang et al., 2005; Hong et al., 2005) but the definition of 
this boundary remains vague, with a region of overlapping activity (Fig. 2.1).  
The East Asian monsoon is the dominant factor influencing climate in China and 
on the eastern Tibetan Plateau. The seasonality of solar insolation results in the 
presence of a winter and a summer monsoon (Fig. 2.1). In summer, increasing solar 
insolation causes a strong pressure gradient between the warm landmass and cold 
Pacific Ocean and the East Asian summer monsoon winds penetrates inland, bringing 
moisture to the Chinese landmass and eastern Tibetan Plateau. In winter, the pressure 
gradient is inversed and the difference between the high-pressure cell present over 
Mogolia and Siberia and low pressure cells in the North pacific and Australia causes a 
northwesterly flow of dry, cold air over East Asia (Figs. 2.1 and 2.2). The winter 
monsoon controls the dry climate of north-central China and is responsible for the 
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Fig. 2.1. Map of China showing the approximate trajectories of the dominant monsoon sub-systems  (the 
East Asian summer monsoon, East Asian winter monsoon and Indian summer monsoon) and the 
Westerly jet. The approximate location of the present-day boundary between the two sub-systems as well 
as the present-day monsoon limit is shown (from Gao, 1962 cit. Herzschuh, 2006). The location of the 
Hongyuan peat core studied in this thesis is also shown.  
 
 
Fig. 2.2. Pressure and surface wind patterns in Asia during winter (January) and summer (July) (redrawn 
from P. Wang et al., 2005). 
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transport and deposition of fine grained material to the extensive loess plateau in 
northern China. 
 
2.2.2. Recording palaeomonsoon activity: archives and proxies 
 
Instrumental and historical records of the last few centuries have revealed large 
annual  to  decadal  variability in  monsoonal activity.  The  study of changes  in palaeo- 
monsoon activity over the geological past can provide information on the mechanisms 
and cycles of monsoon activity and in addition provide constraints for atmospheric 
circulation models. In this view, the use of high-resolution climate archives and the 
development of accurate and reliable proxies for past monsoon activity are crucial.  
Early studies of palaeomonsoon variability in Asia using geological archives began 
with reconstructions of changes in the IM interpreted from upwelling records in the 
Arabian sea (Hutson and Prell, 1980; Prell et al., 1980; Clemens et al., 1991), followed 
by studies of EAM variability from the extensive loess deposits of northern China (An 
et al., 1991; Maher and Thompson, 1992; Ding et al., 1994; Maher et al., 1994; Ding et 
al., 1995; Maher and Thompson, 1995; Porter and An, 1995). Proxies used for 
palaeomonsoon reconstructions give insight into one of the two main aspects of the 
monsoon system: monsoonal winds and precipitation. Here, a brief overview of recent 
palaeomonsoon research is given, describing the different archives and proxies used and 
pointing out which aspects are in need of further work.  
 
2.2.2.1. Proxies for monsoon induced-precipitation 
 
Proxies relating to precipitation measure variations in one of three processes: the 
amount of precipitation, continental runoff (i.e. freshwater influx to the oceans) and 
weathering. The most important archives in which precipitation proxies have been 
measured are discussed here, including cave and lake deposits, marine sediments and 
peatlands.  
Stalagmites and varved lake deposits are two high resolution archives where 
individual annual layers can be counted, and precipitation can be resolved on a multi-
annual to annual scale. Layer thickness and the δ18O value of these cave deposits are 
related to precipitation at the site, and are widely used palaeomonsoon proxies (e.g. 
Wang et al., 2001; Yuan et al., 2004; Dykoski et al., 2005). Common proxies in lake 
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deposits include δ13Corganic, total organic carbon (TOC) and C/N ratios as measured in 
Lake Qinghai by Xu et al. (2007a), where plant growth (and hence the amount of 
carbon entering the lake) is dependent on precipitation. In these periods, TOC and C/N 
ratios increase while δ13Corganic decreases.  
Marine sediments can record changes in monsoon precipitation through estimates 
of freshwater influx (palaeosalinity) and aeolian dust. Sea Surface Salinity (SSS) can be 
estimated with the oxygen isotope composition and Ba/Ca ratio of forams such as G. 
ruber (Oppo and Sun, 2005; Weldeab et al., 2007).  
Finally, peatlands are very important and relatively new palaeoclimate archives. 
Their use and potential will be discussed in a later section. As peat is made of the 
remains of decayed plant matter, proxies such as the C/N ratio and δ13C of peat 
cellulose have been used to determine palaeo-precipitation (Hong et al., 2001; Hong et 
al., 2005; Large et al., 2009; Hong et al., 2010; Yamamoto et al., 2010). 
 
2.2.2.2. Proxies for monsoonal winds 
 
Proxies for palaeo-wind direction and strength are used for the study of the Asian 
winter monsoon and can reveal important information about atmospheric circulation 
and dynamics. Proxies here can fall into several categories: those examining wind-
induced coastal upwelling or water mixing in oceans or lakes, and those looking at dry 
deposition by monsoonal winds. 
Measurements of upwelling and productivity in marine sediments relate to the 
abundance of various microfossils. That of planktonic forams such as G. Bulloides 
(Anderson et al., 2002) and N. dutertrei (Jian et al., 2003), as well as Radiolaria and 
Dinoflagellates (Zonneveld and Brummer, 2000) are commonly measured. 
Geochemical proxies are also common, such as fluxes of opal, organic carbon or 
barium (Lin et al., 1999). Wind-driven lake mixing is another indicator of wind 
strength. Magnetic parameters such as the magnetic susceptibility or S-ratio in lake 
sediments are interpreted as dependent on the redox state of the lake water and 
availability of bottom water oxygen, which in turn is linked to wind driven mixing 
(Yancheva et al., 2007).   
The grain size, concentrations and compositions of deposited mineral dust are used 
as proxies for wind strength and direction of the winter monsoon. Grain size indices are 
widely used to determine palaeowind direction and strength in the Chinese loess plateau 
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and Red Clay deposits (Maher and Hu, 2006; Sun et al., 2006a; Han et al., 2007). The 
concentration of mineral dust, also dependent on wind strength and direction, can be 
measured in many archives such as Chinese loess, marine deposits and ice cores 
(Thompson et al., 2000; Zhisheng et al., 2001). As mentioned previously, peat cores are 
new and important climate archives. Dust fluxes have been measured in a few peat 
archives around the world to provide information on past atmospheric circulation and 
environmental conditions (Shotyk et al., 2001; Kylander et al., 2005; Kylander et al., 
2007; Kamenov et al., 2009) and the geochemical and isotopic composition of 
conservative elements in mineral dust can give insights into the origin of the deposited 
dust (Kylander et al., 2007; Marx et al., 2009). However, the use of peat core dust 
measurements in Asia is still uncommon despite their huge potential for the 
reconstruction of past atmospheric circulation patterns in monsoon-dominated regions. 
The use of mineral dust as a proxy for palaeoenvironmental change and of peatland 
deposits as dust archives will be discussed in sections 2.3 and 2.4 of this chapter. 
 
2.2.3. Palaeomonsoon variability 
 
2.2.3.1. Orbital-scale variability 
 
The effect of orbital forcing on Asian monsoon variability has been studied through 
spectral analysis of various proxies in marine and terrestrial records in the Arabian sea 
and Chinese loess plateau (Clemens et al., 1991; Ding et al., 1994; Clemens et al., 1996; 
Liu and Ding, 1998). Long-term monsoon records such as sections of the central 
Chinese loess plateau show strong Milankovitch periodicities, including 100-, 41-, and 
23-19 kyr cycles (e.g. Ding et al., 1994; Ding et al., 1995). The widespread loess-
paleosol deposits of northern China are generally interpreted as representing 
astronomically-driven cycles of sedimentation, with loess deposited during glacials and 
paleosol formed during interglacials, under dominant winter- and summer monsoon 
conditions respectively (An et al., 1991; Porter and An, 1995; Liu and Ding, 1998; An, 
2000; Lu et al., 2000; Porter, 2001). Long term precipitation changes recorded in cave 
deposits such as Hulu and Dongge caves in southern and eastern China have also been 
linked to orbital changes in solar insolation (Dykoski et al., 2005; Wang et al., 2008). P. 
Wang et al. (2005) provide a thorough review of monsoon variability on orbital 
timescales. The authors note a particularly strong influence of the precessional cycle.  
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Despite similarities in the frequency of palaeomonsoon indicators to those of 
Milankovitch cycles, which suggest that orbital forcing plays an important role in 
driving monsoon variability, the resulting monsoon signals are often inconsistent with a 
direct forcing model (Ding et al., 1995; Liu and Ding, 1998). This suggests that the 
monsoonal response to solar insolation is further modulated by internal feedbacks 
within the Earth's climate system. 
 
2.2.3.2. Millennial-scale variability 
 
Since the first efforts to understand the relationships between monsoon variability 
and large scale changes in solar radiation or global ice volume, high resolution ice 
records from Greenland have revealed strong responses of the Earth's climate system on 
much shorter timescales as well (Dansgaard et al., 1993; Grootes and Stuiver, 1997; 
Johnsen et al., 2001).  
As outlined in the review paper by P. Wang et al. (2005), a number of varved 
marine records from the Arabian Sea provided some of the first high-resolution records 
of millennial-scale changes in monsoon variability (H. Schulz et al., 1998; von Rad et 
al., 1999a, 1999b; Doose-Rolinski et al., 2001). Following from this, high-resolution 
terrestrial records were established, for example from cave deposits (Neff et al., 2001; 
Wang et al., 2001; Fleitmann et al., 2003; Yuan et al., 2004) and Tibetan ice cores 
(Thompson et al., 2000). All records revealed very strong similarities with Greenland 
ice records, indicating the coupling between high- and low latitude abrupt climate 
change in monsoonal Asia (Y. Wang et al., 2005). 
One notable feature of the millennial-scale monsoon variability is the strong 
~1,500-yr periodicity observed in numerous palaeomonsoon records. Such periodicities 
are characteristic of the Dansgaard-Oeschger (DO) cycles which dominate the North 
Atlantic millennial climate variability of the last glacial cycle (Dansgaard et al., 1993; 
Bond and Lotti, 1995). The 1,500-yr cycle of monsoon intensity has been observed in 
high-resolution sediments in the Arabian sea (Sirocko et al., 1993, 1996; H. Schulz et 
al., 1998), marine sediments (Tada et al., 1999; Oppo et al., 2001; Higginson et al., 
2003) and loess-paleosol sequences (An and Porter, 1997; Lu et al., 2000). One of the 
main conclusions drawn from such records was the intensification of the summer and 
winter monsoons during North Atlantic interstadials and stadials respectively (e.g. 
Wang et al., 2001; Tian et al., 2005, 2010). 
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2.2.3.3. Sub-millennial variability 
 
The sub-millennial variability of the Asian monsoon is thought to respond both to 
short-term changes in solar activity as well as oscillations in internal factors such as the 
thermohaline circulation or the availability of moisture in the atmosphere (P. Wang et 
al., 2005). A response of the Asian monsoon to solar activity on these scales has been 
proposed by several authors on the basis of similarities to the 
10
Be or 
14
C production 
(Bond et al., 2001; Sarnthein et al., 2002) and on the identification of a range of 
centennial monsoon periodicities (e.g. 890-950, 550, 200, 11 years) corresponding to 
known solar cycles (Beer et al., 2000; Labitzke et al., 2001). Links to lunar cycles and 
tidal effects have also been proposed (Berger and von Rad, 2002).  
The identification of monsoon periodicities in the range of 3 to 6 years in sediment 
sections from the Arabian Sea (Berger and von Rad, 2002) and Indian Ocean corals 
(Charles et al., 1997) further suggested a possible link between the Asian monsoon and 
the El Niño Southern Oscillation (ENSO). 
 
2.2.3.4. Monsoon variability during the Holocene: from orbital to decadal forcing 
 
The DO cycles typical of the monsoon variability of the last glacial cycle are absent 
from Holocene records. These reveal instead changes on a wide range of periodicities, 
from short-term (centennial to decadal) (e.g. Y. Wang et al., 2005; Liu et al., 2009) to 
long-term responses to orbitally-induced decreases in solar insolation (e.g. Fleitmann et 
al., 2003; Shen et al., 2005; Y. Wang et al., 2005; Feng et al., 2006). 
High-resolution records of Holocene monsoon variability are found in the 
speleothem and stalagmite cave deposits of southern China and Oman (Neff et al., 
2001; Fleitmann et al., 2003; Dykoski et al., 2005; Y. Wang et al., 2005). Y. Wang et 
al. (2005) presented a high-resolution record from Dongge cave that yielded 9 ka of IM 
precipitation estimates. Their findings showed a strong monsoon interval between 9-7 
ka, corresponding to the peak in northern hemisphere solar insolation (Berger and 
Loutre, 1991), and a subsequent gradual weakening in monsoon strength following 
decreasing trends in solar radiation. Superimposed on this general pattern were 8 weak 
monsoon events lasting 1-5 centuries, some of which have been linked to ice raft events 
in the North Atlantic (Bond et al., 2001). Fleitmann et al. (2003) reported similar 
findings with the δ18O record of a stalagmite from South Oman. 
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The period between 9.5 and 5.5 kyr BP is generally known as the "Holocene 
Optimum" in Asia, a period of increased temperature and humidity recorded in a 
number of marine and terrestrial archives (An et al., 2000; Shen et al., 2005; Feng et al., 
2006; Herzschuh et al., 2006; Maher and Hu, 2006; Qiang et al., 2010). Marine 
sediments in the East China Sea (Xiao et al., 2006), lake records in central Asia (Gasse 
et al., 1996; Shen et al., 2005; Herzschuh et al., 2006; Liu et al., 2009) and high 
resolution speleothem cave deposits in southern China and Oman (Fleitmann et al., 
2003; Dykoski et al., 2005; Y. Wang et al., 2005) have notably revealed a peak in 
monsoon intensity and/or regional humidity between 9-7 kyr BP, in tune with the 
Holocene maximum in northern hemisphere solar insolation (Berger and Loutre, 1991).  
However, the exact timing of the Holocene maximum in temperature and/or 
moisture is not continuous over central Asia (An et al., 2000; Maher and Hu, 2006; 
Chen et al., 2008; Maher, 2008). Continental sites in north-central China, at the 
marginal zones of summer monsoon influence, revealed more intricate patterns of 
environmental change since the last glacial maximum (An et al., 2000; Stevens et al., 
2007; Chen et al., 2008; Maher, 2008). High-resolution loess-paleosol sequences and 
lake records have, for example, identified dry conditions during the early and mid-
Holocene (C. Chen et al., 2003; F. Chen et al., 2003; Xiao et al., 2004; Maher and Hu, 
2006) and enhanced summer monsoon conditions during the Late Holocene (Stevens et 
al., 2007; Stevens and Lu, 2009), in anti-phase with the history recorded by the southern 
cave deposits. A review of lake records in northern China and Mongolia also revealed 
spatially differing environmental conditions during the Holocene (Chen et al., 2008) 
and moisture histories reconstructed from various localities in central China and on the 
Tibetan Plateau showed discordant timings of the early Holocene peak in moisture (An 
et al., 2000; Xiao et al., 2004; Maher and Hu, 2006; Maher, 2008). These results 
suggest that the Holocene variability of the East Asian monsoon cannot be explained 
solely by changes in solar input and displays spatially differing responses to complex 
internal feedbacks and teleconnections within the climate system. A conclusion drawn 
from many studies is the importance and lack of transition zone records located at the 
boundary between the different monsoon sub-systems, in the climatically sensitive 
marginal zones of summer monsoon precipitation (Fig. 2.1) 
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2.2.4. Driving forces and internal feedbacks: links between the monsoon and the 
North Atlantic 
 
As mentioned above, discrepancies in the timing of changes in palaeomonsoon 
intensity recorded across central Asia during the Holocene suggest that monsoon 
variability is not a linear function of solar insolation, but likely responds to a variety of 
internal feedbacks within the climate system. P. Wang et al. (2005) summarized some 
recent numerical model studies examining the role of different feedback mechanisms in 
strengthening or dampening the original response to solar insolation. Model 
experiments have for example suggested that land surface conditions including surface 
albedo (Bonfils et al., 2001), soil moisture (Kutzbach et al., 1996) and changes in 
vegetation cover (Doherty et al., 2000) can impact monsoon responses. Numerical 
simulations within the Palaeoclimate Modeling Intercomparison Projects (PMIP, 
Joussaume and Taylor, 1995; PMIP, 2000) emphasized the dominant role of the land-
sea temperature and pressure gradient in the extent of monsoon flow in Asia 
(Joussaume et al., 1999). The strength of the Asian monsoon is therefore sensitive to 
factors influencing this pressure gradient such as vapour transport from the North 
Atlantic (Ding and Wang, 2005) or the thermal effect of the elevated Qinghai-Tibetan 
Plateau (An et al., 2001). 
The link between monsoon variability and North Atlantic climate has been 
established in a number of monsoon studies of loess sequences (Porter and An, 1995; 
Chen et al., 1997; Lu et al., 2000; Porter and Zhou, 2006), desert sands (Niu et al., 
2008), cave deposits (Wang et al., 2001; Y. Wang et al., 2005), marine cores (Jian et al., 
2001; Tian et al., 2010) and lake sediments (Yu et al., 2006; Liu et al., 2009). Recurring 
conclusions included the presence of the 1,500-yr cycle in numerous monsoon records 
and the general pattern of stronger winter and summer monsoons during glacials and 
interglacials respectively as mentioned previously. 
The similarity between enhanced winter or summer monsoons and the prevalence 
of cold or warm conditions over the North Atlantic respectively suggest the presence of 
a trans-continental teleconnection between the two regions, likely through changing 
wind speed and position of the Westerly jet (Porter and An, 1995; Chen et al., 1997). Lu 
et al. (2000) proposed that the increase in temperature gradients between high and low 
latitudes during glacials increases the pressure gradient and strengthens the Westerly 
jet. This can cause inertial and barotrophic instabilities, which in turn affect the strength 
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of the winter monsoon. Ding and Wang (2005) suggested a link between North Atlantic 
sea surface temperature and moisture in Asia through circum-global teleconnections 
between two centres: the North Atlantic and central Asia. Chen et al. (2008) also 
suggested that an increased temperature gradient between the low- and high latitudes 
during glacial times can strengthen the Westerly jet over central Asia. They concluded 
that the climate variability of central Asian transition zones, at the limit of monsoon 
influence, may be dictated by changes in this current rather than the monsoon winds. 
Unfortunately, the lack of terrestrial records of atmospheric circulation in central 
Asia precludes direct comparisons between the variability of the Westerly jet and that 
of the Asian monsoon. It will be shown in later sections that the study of mineral dust 
deposited in terrestrial settings in central Asia has the potential to bridge this gap 
through the establishment of dust provenance, and hence of the dominant wind 
system(s) which were active at the site. 
 
2.2.5. Summary 
 
In this first section, previous work undertaken regarding palaeomonsoon variability 
has been summarized, with a focus on different types of archives and proxies, known 
changes in palaeomonsoon variability on different timescales, and suggested 
teleconnections within the climate system.  
The reader's attention is pointed to the lack of terrestrial studies of atmospheric 
circulation in central Asia, in climatically sensitive transition zones at the boundary 
between different monsoon sub-systems (East Asian winter monsoon, East Asian 
summer monsoon, Indian summer monsoon) and in regions also affected by the 
Westerly jet. There is notably a clear lack of studies of wind direction, which would 
allow the identification of the dominant wind system(s) and the study of their spatial 
variability and interactions. 
To achieve such a study, robust proxies dependent on both wind direction and wind 
strength must be determined and measured in terrestrial settings located in regions 
affected by the different wind systems under study. In this view, widespread terrestrial 
records such as peatlands are of vital importance. 
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2.3. Mineral dust deposition: a proxy for atmospheric circulation 
 
2.3.1. Introduction to mineral dust and rationale for its use as an indicator of 
palaeomonsoon circulation 
 
Mineral dust particles are formed by intense weathering of soils in arid and semi-
arid regions of the globe. These particles can be mobilized and entrained by winds and 
transported globally. Most of the Earth’s dust burden originates from the dust belt, a 
region between ~10-50˚N with the Sahara desert and the deserts of northern China and 
southern Mongolia as the two main sources (Hatch and Grassian, 2008). Dust particles 
are relatively inert and have long residence times in the atmosphere, allowing them to 
be transported over long distances and deposited globally (DeBell, 2004). The 
interactions between the global atmospheric dust burden and the Earth's climate system 
are complex and the magnitude of direct and indirect impacts of mineral dust aerosols 
on climate remain uncertain. Atmospheric dust aerosols may play an important role in 
modulating climate by altering the radiative balance of the atmosphere (Tegen et al., 
1996; Sokolik et al., 2001; Woodward, 2001), supplying nutrients to marine (Duce, 
1995; Watson et al., 2000) and terrestrial (Chadwick et al., 1999) ecosystems or 
influencing cloud nucleation and optical properties (Levin et al., 1996). Climate change 
can in turn affect atmospheric dust loadings and transport patterns, through the 
sensitivity of dust emissions to a number of factors such as vegetation cover 
(Marticorena et al., 1997; Wyatt and Nickling, 1997) and wind speed (e.g. White, 
1979).  
In recent decades, there has been a growing interest in the use of mineral dust as a 
proxy to monitor environmental change and atmospheric circulation. Mineral dust 
emitted from dust sources, transported in the atmosphere and deposited in different 
settings such as ice, marine and terrestrial sediments or peatlands, make up records 
which offer the potential to elucidate variations in past atmospheric circulation patterns 
and wind direction (e.g. Svensson et al., 2000; Ding et al., 2001; Wu et al., 2009a, 
2009b). Indeed, the measurement of the geochemical properties of mineral dust 
particles deposited in climate archives allows both: (1) the quantification of past dust 
fluxes, and hence the study of past wind strength and/or the availability of fine grained 
material in the source region (e.g. Qiang et al., 2010); and (2) the study of the dominant 
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dust sources through the determination of dust provenance tracers, and hence the study 
of past wind direction and atmospheric circulation (e.g. Biscaye et al., 1997; Kylander 
et al., 2007). In central Asia, such studies can provide useful constraints on past changes 
in the Asian monsoon circulation. 
 
2.3.2. Asia: a dusty continent 
 
The Asian continent contains some of the world’s most important dust sources 
(Prospero et al., 2002; Washington et al., 2003; Mahowald et al., 2005), with studies 
suggesting that up to 800 Mt of dust particles may be emitted from Asian dust sources 
each year (Zhang et al., 1997). While a fraction of this dust is re-deposited in the source 
region (Zhang et al., 1997), most of it is transported over central Asia and eastwards 
towards the Pacific ocean and beyond (Merrill et al., 1994; Kanayama et al., 2002; 
Hyeong et al., 2005; Liu et al., 2006; Wu et al., 2009b; Lee et al., 2010). Long-range 
transport of Chinese dust has been identified in regions as far removed as Korea and 
Japan (Kanayama et al., 2002; Mori et al., 2002; Lee et al., 2010), the western (Greaves 
et al., 1999), northern (Rea et al., 1998; Pettke et al., 2000) and northeastern (Hyeong et 
al., 2005) Pacific Ocean, North America (Sassen, 2002; Zdanowicz et al., 2006), 
Greenland (Biscaye et al., 1997; Svensson et al., 2000; Bory et al., 2003) and Europe 
(Grousset et al., 2003). Previous work has suggested that the deserts and loess deposits 
of northern China and southern Mongolia, including the Taklamakan, Badain Jaran and 
Tengger deserts (Fig. 2.3), may be the strongest Asian dust emitters (Zhang et al., 
1996a, 1996b; Zhang et al., 1997; Sun et al., 2001). 
The Taklamakan desert in the Tarim basin covers an area of 337 000 km
2
 and is 
thought to be the most active Asian emitter of long-range dust (Prospero et al., 2002). It 
is surrounded by the high Tianshan and Kunlun mountain ranges, which provide large 
quantities of detrital material to the basin (Honda and Shimizu, 1998; Chang et al., 
2000). This desert is the main provider of dust to Greenland today (Bory et al., 2003) 
and is thought to have been throughout the last glacial cycle (Svensson et al., 2000). It  
Chapter 2 - Literature review 
36 
 
 
Fig. 2.3. Map of China showing the location of the dominant Chinese dust sources: The Taklamakan 
desert and Qaidam basin of northwestern China and the Badain Jaran and Tengger deserts and Chinese 
loess plateau of northern China. The location of the Hongyuan peat core studied in this thesis is also 
shown. 
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accounted, with the Badain Jaran desert, for 70% of the total Asian dust emissions 
between 1960-2000 (Zhang et al., 2003a).   
The Badain Jaran and Tengger deserts of northern China (Fig. 2.3) are bound by 
the Hexi corridor and Qilian mountains to the southwest, the major source of material to 
these deposits (Derbyshire et al., 1998). The Badain Jaran desert is thought to be an 
important source of dust aerosols to Beijing during the dust storm season in spring 
(Yang et al., 2007a) and the Tengger desert that of dustfall events in Japan (Kanayama 
et al., 2002). Both deserts have been linked to recent dust events in the western United 
States (Husar et al., 2001) and the latter has also been considered a likely candidate for 
dust transport to Greenland outside of the high dust season (Bory et al., 2003). The 
Qaidam basin, on the northeastern fringe of the Qinghai-Tibetan Plateau, has not yet 
been shown to be an important emitter of long-range dust but frequent dust storms in 
spring have been identified as the possible primary source of material to the western 
Chinese loess plateau (Wu et al., 2009b). Dust emissions from the Chinese loess plateau 
itself are thought to be rather limited compared to the deserts in northern and 
northwestern China (Sun et al., 2001; Zhang et al., 2003a) but it has recently been 
identified as one of the potential sources of dust to Korea today (Lee et al., 2010). 
In India, the Thar desert is a significant source of dust aerosols over south Asia 
(Yadav and Rajamani, 2004) and to the southern Himalayas (Carrico et al., 2003; Kang 
et al., 2004; Zhang et al., 2009). To the author's knowledge, very few geochemical data 
are available for this dust source and Indian and Chinese emission regions have seldom 
been compared.  
All these deserts and sandy lands are active dust sources today, with the potential to 
transport large quantities of mineral dust aerosols over the Asian continent and beyond. 
A further comparative study of their geochemical features is therefore necessary to 
assess past contributions to the eastern Qinghai-Tibetan Plateau or other regions. 
 
 
 
 
Chapter 2 - Literature review 
38 
 
2.3.3. Rare earth elements and Pb isotopes as dust provenance indicators 
 
2.3.3.1. Rare earth elements 
 
Rare earth elements (REE) and other trace elements (e.g. Sc, Y, Th) are useful tools 
to investigate the sources of transported dust in peat and other archives. The REE form 
a coherent group of 14 incompatible elements (La-Lu) which are similar, but for a 
decrease in atomic radius with increasing atomic number. This process, called 
lanthanide contraction, may lead to fractionation of the REE during partial melting and 
magmatic processes (Taylor and McLennan, 1985), which in turn allow for source 
discrimination. Europium and cerium, however, are very sensitive to redox conditions 
and may as a result develop anomalies. Europium
3+
 can be reduced to Eu
2+
 in melts and 
easily substitute for elements such as Ca
2+
 or Sr
2+
. Cerium may be similarly affected but 
europium anomalies are generated in the source melt whereas cerium anomalies are 
thought to be post-depositional (Taylor and McLennan, 1985). The REE are transported 
as particulate matter and are amongst the least mobile and soluble of the trace elements 
(Taylor and McLennan, 1985; Rollinson, 1993). They display no selective loss in 
weathering profiles and patterns are preserved during transport (Nesbitt, 1979; Taylor 
and McLennan, 1985). The REE characteristics of deposited dust, with the exception of 
Ce, are therefore thought to reflect those of the source region (Rollinson, 1993) and 
have been increasingly used for source assessment worldwide (Smith et al., 2003; 
Yadav ad Rajamani, 2004; Zdanowicz et al., 2006; Kylander et al., 2007; Yang et al., 
2007a; Chavagnac et al., 2008). 
Rare earth elements and other trace elements have been widely used to investigate 
the source of loess and desert sands in Asia (Gallet et al., 1996; Honda and Shimizu, 
1998; Ding et al., 2001; Jahn et al., 2001; Yang et al., 2007b) and worldwide (Gallet et 
al., 1998; Pease and Tchakerian, 2002), as well as to trace the source of atmospheric 
dust recovered from dust traps or climate archives to reconstruct past transport patterns 
(Svensson et al., 2000; Zdanowicz et al., 2006; Yang et al., 2007a).  
 
2.3.3.2. Lead isotopes 
 
Stable Pb isotopes (
204
Pb, 
206
Pb, 
207
Pb and 
208
Pb) are powerful tools to trace the 
source of atmospheric dust deposited in different repositories. These effective 
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“fingerprints” allow the distinction between different natural dust sources (mainly 
derived from soil dust and volcanoes) as well as between natural and anthropogenic Pb 
sources.  
Lead isotopes have been widely used for such purposes in different deposits such 
as lake sediments (Brannvall et al., 1999; Renberg et al., 2000; Bindler et al., 2001; 
Eades et al., 2002; Renberg et al., 2002), ice (Hong et al., 1994; Hinkley et al., 1999; 
Barbante et al., 2004; Schwikovski et al., 2004; Vallelonga et al., 2005; Van de Velde et 
al., 2005), peat (see reviews from Dunlap et al. (1999) and Kylander et al. (2010)) and 
soil profiles (Bindler et al., 1999; Kylander et al., 2008). 
 
2.3.3.3. Published REE and Pb isotope data of Asian dust sources 
 
Numerous studies have focused on the measurement of the REE and Pb isotopes in 
Asian dust sources. Figure 2.4 summarizes the range of compositions found in 
published data for different Asian deposits. As examples, the widely used REE-based 
provenance tracers La/Th and the europium anomaly (Eu/Eu*)N are shown (e.g. Ding et 
al., 2001; Jahn et al., 2001; Sun, 2002; Zdanowicz et al., 2006; Wu et al., 2009a) 
((Eu/Eu*)N = EuN/(SmN*GdN)
0.5
, where the subscript  N indicates that values are 
normalized to the Post Archean Australian Shale - PAAS: Taylor and McLennan, 
1985), as well as the stable Pb isotope ratio 
206
Pb/
204
Pb. 
These commonly used proxies fail to distinguish between the different Asian 
deposits. While these studies of the REE signature of Asian desert sand and loess 
deposits have provided important data on their geochemistry (Liu et al., 1993; Gallet et 
al., 1996; Chang et al., 2000; Honda et al., 2004; Yokoo et al., 2004; Yang et al., 2007a, 
2007b), the identification of source specific provenance tracers for Chinese deserts and 
loess deposits remains limited, precluding the accurate study of atmospheric circulation 
in central Asia. 
 
2.3.4. Size distribution of Asian dust aerosols: the need for size independent 
provenance tracers 
 
The effect of particle size on dust provenance tracers can be investigated in order to 
determine which particle sizes in the source regions are best representative of dust 
particles recovered in archives in central Asia.  
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Fig. 2.4. Range of compositions of the commonly used provenance tracers 
206
Pb/
204
Pb, La/Th and 
(Eu/Eu*)PAAS  for different Asian dust sources found in published studies (PAAS: Taylor and McLennan, 
1985). Lead isotope values for the upper continental crust (UCC) and mid-ocean ridge basalts (MORB) 
are provided as reference (UCC: Asmerom and Jacobsen, 1993; Hemming and McLennan, 2001; Millot 
et al., (2004); MORB: Sun, 1980).  
Chapter 2 - Literature review 
41 
 
The selection of the relevant size fraction in the source regions allows the correct 
comparison between the transported dust and the potential source(s). During strong dust 
storms such as those affecting the deserts of northern and northwestern China in spring 
and the Thar desert in summer, the entire range of particle sizes is emitted from the 
source regions (Marticorena et al., 1997). While the larger particles are quickly re-
deposited through the effect of gravitational settling (Marticorena et al., 1997; Zhang et 
al., 1997), the finer particles are lifted into the lower and upper troposphere and 
transported regionally and globally (Zhang et al., 1997; Sun et al., 2001; Wu et al., 
2009b).  
Certain characteristicts of the REE, trace and major element compositions of dust 
particles are found to vary with particle size in desert sands (Chang et al., 2000; Honda 
et al., 2004; Yang et al., 2007a, 2007b; Xiong et al., 2010), making it important to 
compare the same fraction both in the source region and archive. In this context, of 
specific interest is the establishment of provenance tracers independent of grain size. 
These would be invaluable for studies of past Asian dust deposition as they could be 
applied to any dust source and archive regardless of the size fraction of transported dust 
and even when only bulk samples are available. Size-independent proxies have been 
studied in previous work on Asian dust but are so far limited to the major element-
based proxy   (Yang et al., 2006) and Nd isotopes 
(Kanayama et al., 2005). 
 
2.3.5. Summary 
 
Mineral dust emitted from Asian dust sources and transported in the atmosphere 
can help elucidate past changes in atmospheric circulation patterns. Dust particles can 
be measured in any given dust repository and the origin of the dust can be reconstructed 
provided that the signatures of the potential dust sources are known and geochemically 
distinct. Two current limitations of dust provenance studies in Asia have been outlined. 
First, source specific provenance tracers capable of distinguishing between different 
Asian dust sources remain to be established if accurate reconstructions of 
palaeomonsoon circulation are to be carried out. Second, careful consideration must be 
given to the choice of size fraction to analyze in the source region if correct 
comparisons are to be made with dust deposited in terrestrial or marine archives. In this 
view, the determination of new size independent provenance tracers would greatly 
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improve the provenance tracing of Asian dust. In Chapter 4, both these points are 
considered in the determination of new provenance tracers for the source identification 
of Asian dust. 
 
2.4. Peatlands: terrestrial archives of mineral dust deposition 
 
2.4.1. Introduction to peatlands as environmental archives 
 
Peat is formed through the accumulation of partially decayed plant matter in 
marshy areas called peatlands or mires. Peatlands are important for a number of 
reasons: (1) they are widespread, covering approximately 3% of the Earth’s land 
surface; (2) they are a huge carbon sink, estimated to contain 20-35% of the terrestrial 
biosphere carbon (Kool et al., 2006) and play an important role in the global carbon 
cycle (W. Zhang et al., 2008b); (3) ombrotrophic bogs are hydrologically isolated from 
ground and surface waters and receive their inorganic constituents from the atmosphere 
alone.  
Ombrotrophic peat bogs are therefore unique terrestrial archives that can be used to 
reconstruct past changes in dust deposition. They are, like ice cores, solely 
atmospherically fed, and the recovered signals are a direct reflection of the composition 
of the deposited dust (Shotyk, 1996b). However, unlike glacial ice, which reflects 
mostly integrated long-range metal inputs, peat bogs also record dust supplied by local 
and regional sources, allowing the study of medium- and small scale climate variability.  
In the last two decades, peatlands have been widely used to reconstruct the 
deposition history and sources of heavy metal pollutants such as Pb, mainly in Europe 
and North America (Shotyk, 1996a; Shotyk et al., 1998; Weiss et al., 1999a; Cortizas et 
al., 2002; Klaminder et al., 2003; Kamenov et al., 2009; Kylander et al., 2009), and to 
reconstruct atmospheric fluxes of lithogenic elements (Shotyk et al., 2001; Weiss et al., 
2002a; Kamenov et al., 2009).  
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2.4.2. Considerations for the use of peat as a repository of mineral dust 
 
2.4.2.1. Trophic status of the core 
 
While ombrotrophic bogs receive their inorganic constituents mainly from the 
atmosphere, minerotrophic peats can receive additional inorganic material through 
groundwater movement and dissolution of the underlying sediment. In order to interpret 
changes in the inorganic content of peat deposits as reflecting changes in atmospheric 
dust deposition and carry out subsequent provenance tracing using selected trace 
elements such as the REE or Pb isotopes, the trophic status of a peat deposit must be 
assessed to ensure that no groundwater input may have caused element migration along 
the peat column. 
Factors such as pH, ash content, pore water conductivity, the down-core 
distribution of lithogenic elements such as Al and Ti and that of mobile elements such 
as Sr or Ca are commonly used to determine the trophic status of a peat deposit 
(Shotyk, 1996a, 1996b; Kempter et al., 1997; Shotyk et al., 2001; Cortizas et al., 2002; 
Le Roux et al., 2004; Kylander et al., 2005). 
A high correlation factor between the lithogenic elements Al, Ti or Sc and total 
inorganic content throughout measured cores is generally taken as an indication that the 
inorganic content has been supplied solely by atmospheric dust (e.g. Shotyk, 1996a; 
Cortizas et al., 2002; Kylander et al., 2005). An increase with depth of the concentration 
of Sr in peat profiles can indicate groundwater movement through the vertical migration 
of this mobile element. Minerotrophic peat deposits can display up to 16-fold increases 
in Sr within one profile (e.g. Weiss et al., 1999a; Shotyk, 2002; Monna et al., 2004) 
(Fig. 2.5). Similarly, an increase with depth of Ca concentrations, an element present in 
relatively unstable minerals under acid conditions such as carbonates, can indicate 
possible groundwater transport of this element (Weiss et al., 1999a; Kylander et al., 
2005). Typical minerotrophic deposits can display a 3-12-fold increase in Ca (e.g. 
Shotyk, 2002; Kylander et al., 2005).  
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Fig. 2.5. Ash content (%), Al (%) and Sr (µg g
-1
) concentrations and Ca/Mg molar ratio of two 
minerotrophic peat cores from La Tourbière de Genevez (TGe) and Gola di Lago (GdL) in Switzerland 
(Weiss et al., 1999a). A significant down core increase in ash content and Al and Sr concentrations is 
noticeable in these minerotrophic deposits. (redrawn from Weiss et al., 1999a).  
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2.4.2.2. Immobility of the REE and Pb isotopes in peat profiles 
 
In addition to the trophic status of a peat deposit, the immobility of the elements to 
be measured in a given core must be established if they are to be taken as representative 
of the composition of dust deposited at each stage. 
Lead fluxes and isotopes have been widely measured in peat archives for the 
reconstruction of changes in atmospheric deposition and the identification of 
anthropogenic inputs (see reviews from Dunlap et al. (1999) and Kylander et al. 
(2010)). The immobility of Pb in this matrix has been established in numerous studies 
(Shotyk et al., 1996; Farmer et al., 1997; MacKenzie et al., 1997; Vile et al., 1999; 
Weiss et al., 1999a; Shotyk et al., 2001; Bindler et al., 2004; Le Roux et al., 2005; 
Mihaljevic et al., 2006). For example, Farmer et al. (1997) showed the good agreement 
between Pb isotope ratios (PbIR) in two peat cores and two lake sediment cores from 
central Scotland and concluded that Pb was immobile in the studied peat deposits. 
Similarly, MacKenzie et al. (1997) showed agreement between the PbIR of three 
Scottish peat cores, herbage samples and sediment cores. Weiss et al. (1999a) compared 
the PbIR in three ombrotrophic and two minerotrophic peat sections from different 
Swiss peat deposits and showed that isotopic changes were consistent throughout all 
sections. They concluded that Pb is retained and immobile in their peat sections, even in 
minerotrophic deposits. Mihaljevic et al. (2006) showed that the PbIR deposition 
history reconstructed from seven peat cores in the Czech Republic agreed with the 
historical development of a nearby smelter, confirming the immobility of Pb in their 
peat profiles. 
In the last decade, there has been a growing interest in the measurement of REE in 
peat archives to reconstruct atmospheric fluxes (Shotyk et al., 2001; Krachler et al., 
2003) and investigate possible anthropogenic sources (Krachler et al., 2003). Rare earth 
element trends were found to be similar in peat to those of conservative lithogenic 
elements such as Al, Y or Sc and thus considered immobile in this matrix (Ylirukanen 
and Lehto, 1995; Shotyk et al., 2001; Akagi et al., 2002; Krachler et al., 2003; Aubert et 
al., 2006; Kylander et al., 2007). Aubert et al. (2006) further established that 
atmospheric REE signals were preserved after deposition by comparing the REE 
composition in surface layers of a peat core in southern Germany to those of nearby 
snow packs and lichens. In their study of a 52 kyr peat core from Lynch's crater in 
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Australia, Kylander et al. (2007) confirmed the immobility of the REE in peat by 
conducting a principal component analysis and showing that these elements co-varied 
with lithogenic, conservative elements such as Al, Ti and Sc. 
 
2.4.3. Applications of dust measurements in peat cores for the study of past 
environmental change 
 
2.4.3.1.  Example 1: The measurement of trace elements in deposited dust to study past 
atmospheric circulation and environmental change 
 
The concentration and fluxes of total dust and individual elements as well as the 
isotopic composition of Pb measured in peat cores around the world have provided 
insights into changes in atmospheric circulation. The results from the study of four peat 
cores from Switzerland, Indonesia, northwestern Spain and eastern Australia are 
outlined here, where dust fluxes and elemental and isotopic data have been used to 
interpret past changes in atmospheric and environmental conditions. 
Shotyk et al. (2001) provided a 12,370 
14
C year record of atmospheric Pb, Sc, Ti, 
Y, Zr and REE deposition recovered from a 650 cm-long peat core from Etang de la 
Gruère (EGr), in the Swiss Jura Mountains. Elevated dust fluxes, fluxes of the 
lithogenic elements Al, Zr and Hf and elevated REE/Sc ratios observed at 5320, 8230 
and 10,590 
14
C yrs BP were interpreted in terms of changing environmental and 
atmospheric conditions. The increase at 10,590 
14
C yrs BP corresponds to the Younger 
Dryas, a period of enhanced dustiness and cold conditions recorded in North Atlantic 
deep sea cores and Greenland ice (Bond et al., 1997). Dust fluxes measured in the EGr 
peat core therefore allowed the identification of this period of profound environmental 
change in the Northern hemisphere. The dust and elemental flux increase observed at 
8230 
14
C yrs BP, accompanied by a shift in the 
206
Pb/
207
Pb isotopic composition to less 
radiogenic values, was interpreted as a large-scale climatic reorganization leading to 
enhanced long-range transport of Saharan dust to central Europe. The elevated dust 
fluxes observed at 5320 
14
C yrs BP were interpreted as either (1) further drying of the 
Sahara desert, or (2) enhanced local soil dust deposition through increases in human 
activities (notably forest clearance). The lack of provenance indicators for local vs. 
long-range dust sources did not allow the authors to distinguish between these two very 
different origins. 
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Weiss et al. (2002a) measured the concentration profiles of Si, Fe, Al and Ti in a 
~22,120 14C yrs BP old tropical peat core from Kalimantan, Indonesia. Similar elevated 
dust fluxes were recorded between 10,830 and 9060 
14
C yrs BP, with values increasing 
from 0.38 mg m
-2
 y
-1
 before 10,830 
14
C yrs BP to values exceeding 10.8 mg m
-2
 y
-1
. 
This event was tentatively interpreted as a Younger Dryas-like event in the tropics. 
Changes in the Al/Ti and Fe/Ti ratios were used to invoke changing dust sources to the 
bog, with local sources being dominant between 7820 and 9500 
14
C yrs BP and non-
local sources active during other times. The authors proposed China as the most likely 
origin for this dust, but the lack of provenance tracers for the different potential long-
range dust sources did not allow clearer interpretations of its exact origin. 
Kylander et al. (2005) used the Pb isotopic composition of deposited dust in an 
8000 year old peat core from northwestern Spain to date the onset and termination of 
Saharan aridification recorded in southern Europe. A decrease in the 
206
Pb/
207
Pb ratio of 
the dust during the early- to mid Holocene marked the introduction of this source, and a 
further decrease in the isotopic ratio after ~ 4400 BP was interpreted as its termination. 
Lead isotopic data from dust deposited in the studied peatland was thus interpreted in 
terms of changing environmental conditions in the Sahara desert. 
In 2007, Kylander and co-authors measured the REE and Pb isotope composition 
of a 52 kry old peat core from Lynch's crater, eastern Australia. This study was one of 
the first to critically assess changing dust sources to peat deposits through the 
determination of different provenance tracers, measured both in the peat core and 
potential source regions. The REE tracers (Eu/Eu*)PAAS and (La/Lu) PAAS as well as the 
206
Pb/
207
Pb isotopic ratio identified three different phases of dust deposition, with long-
range sources dominating between 52,505 and 41,095 yrs BP, regional sources between 
40,815 and 8525 yrs BP and local sources between 8390 and 1740 yrs BP. 
These four studies reveal the potential of peatlands as records of past atmospheric 
circulation and environmental conditions through their ability to serve as terrestrial 
repositories of mineral dust deposition. Dust and elemental fluxes, as well as elemental 
ratios and Pb isotopes, can help interpret these records in terms of changing fluxes and 
dust sources. However, there is a lack of studies providing accurate and source specific 
provenance tracers for dust deposited in peat. Such studies would allow one to establish 
not only that a change in dust source has occurred, but also quantitatively assign the 
deposited dust to a specific source region. Only with such information can accurate 
reconstructions of atmospheric circulation be interpreted. 
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2.4.3.2. Example 2: The measurement of Pb isotope ratios for the study of 
anthropogenic pollution 
 
As mentioned previously, peatlands have been widely used to reconstruct the 
deposition history and sources of heavy metal pollutants such as Pb. The global impact 
of Pb pollution was first discovered in ice records (e.g. Hong et al., 1994) and the 
potential of peatlands as terrestrial records of Pb pollution was rapidly established in a 
few pioneer studies (Shotyk, 1996a, 1996b; Farmer et al., 1997; Kempter et al., 1997; 
Martinez Cortizas et al., 1997; Shotyk et al., 1998). Results from Pb concentration and 
isotopic studies of pre- and post-industrial pollution carried out in cores from southern 
Sweden, Switzerland and England are outlined here. 
Through the analysis of Pb concentrations in cores from three different peat bogs in 
southern Sweden, Bindler et al. (1999) dated the first impacts of human activities on the 
atmospheric Pb cycle in this region to 3500 yrs BP. Lead fluxes peaked at the height of 
the Roman empire ~ 2000 yrs BP ([Pb] = 1 µg g
-1
), after the industrial revolution in the 
mid- to late 19th century, and particularly in the 20th century, after world war II and in 
the 1970s, when measured concentrations reached 40-100 µg g
-1
. 
Measurements of Pb enrichment factors and isotopic compositions from different 
cores in Switzerland revealed similar trends in the history of European Pb pollution 
(Shotyk et al., 1998; Weiss et al., 1999a). Core EGr (Shotyk et al., 1998) revealed that 
pre-industrial Pb pollution from mining and smelting activities began ~3000 yrs BP, 
with a peak at the height of the Roman empire around 2000 yrs BP. At all sites, a steep 
decrease in 
206
Pb/
207
Pb and increase in Pb enrichment factors from 1850 AD onwards 
marked the start of the industrial era and of large scale Pb pollution, which peaked in 
the 1970s with fluxes up to 1570 times their early Holocene background (Shotyk et al., 
1998; Weiss et al., 1999a). 
A peat core drilled from Lindow bog, near Manchester (England) revealed the 
history of local Pb pollution (Le Roux et al., 2004). Lead enrichment factors and fluxes 
increased unambiguously from ~900 BC, after the start of widespread bronze 
production in the United Kingdom and Europe. A dramatic increase in excess Pb was 
observed between 200 BC and 200 AD, with a notable peak dated at 140 AD, at the 
height of Roman presence in Britain (Le Roux et al., 2004). 
The results outlined here show that Pb isotopes measured in peat deposits have 
revealed consistent changes in Pb pollution in Europe throughout the past five millennia 
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and are sensitive to local, as well as regional environmental change. Figure 2.6 shows a 
map of peat sections used in a recent compilation of all available global pre-pollution 
Pb data in peatlands (Kylander et al., 2010). One obvious observation is the lack of peat 
sections outside of Europe and their complete absence from the Asian continent. In this 
view, a thorough study of Pb concentration, fluxes and isotopic trends of Asian aerosols 
from peat sections is greatly needed not only in the context of the onset of local Pb 
pollution, but also for a better understanding of the global atmospheric Pb trends. Such 
a study in the Hongyuan peatland is presented in Chapter 6. 
 
2.4.4.  The Hongyuan peatland: Carbon density and δ13C isotopic composition as 
indicators of permafrost and environmental stress on the eastern Tibetan Plateau 
 
At the centre of the work carried out in this thesis is the use of mineral dust 
recovered from the Hongyuan peat deposit on the eastern Qinghai-Tibetan Plateau as an 
indicator of past environmental change and atmospheric circulation. For this purpose, 
and as will be described in the methods sections of subsequent chapters, a 6 m-long peat 
core was drilled from the undisturbed central part of this peatland. The field campaign 
took place between May and June 2006 following the workshop entitled: "Peat 
Archives of Atmospheric Trace Element and POP Deposition in Eastern Tibet and Its 
Implication for Global Environmental Change". The team members on the field 
campaign were Dominik Weiss from Imperial College London (UK), Gan Zang from 
the Key State Laboratory for Organic Geochemistry (China), Baruch Spiro from the 
Natural History Museum (UK), Malin Kylander from Chalmers University, Gothenburg 
(Sweden), Kerry Gallagher from the University of Rennes (France), David Large from 
the University of Nottingham (UK), Xiandong Li from the Hong Kong Polytechnic 
University (Hong Kong) and Ben Herbert from Lancaster University (UK). Previous 
work carried out by Large et al. (2009) is described here. The authors measured the 
carbon, nitrogen and hydrogen concentrations as well as the carbon density and δ13C 
value of the organic component of the Hongyuan peat. The measurement of these 
environmental variables in the core has allowed the reconstruction of local climatic 
conditions throughout the Holocene. 
Large et al. (2009) interpreted carbon density measurements as providing 
information on the extent of peat compaction, which in turn is linked to changes in the 
water table. Peat compaction, induced by a falling water table, would translate into an  
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Fig. 2.6. World map showing the location and average pre-contamination  
206
Pb/
207
Pb ratio of peat cores 
and ice cores compiled by Kylander et al. (2010). The lack of data from the Asian continent is noted. 
(Abbreviations refer to peat core locations: Store Mosse (SM), Trolls Mosse (TM), Önneby Mosse (OM), 
Dumme Mosse (DM), Årshultsmyren (AM), Traneröd Mosse (TM) (Sweden), Etang de la Gruère (EGR, 
Switzerland), Penido Vello (PVO, Spain), Point d'Escuminac (PeW, Canada), PbR2, Sky1 (Chile), 
Lynch's Crater (LyC, Australia), La Perge (PE), St. Ciers-sur-Gironde (CG) (France). Ice cores include 
the summit of Greenland ice sheet (GRIP), Devon Island (DI) and Antarctica Dome C (DC). See 
Kylander et al., 2010 for references of  individual cores). 
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increase in carbon density and be indicative of drier conditions on the peatland. Low 
carbon densities, on the contrary, could represent episodes when the peat was unable to 
compact due to frozen pore water. The authors interpreted low carbon densities as the 
evidence for periods of permafrost at Hongyuan. 
Changes in the δ13C value of the Hongyuan peat were interpreted as a proxy for 
water stress in the living plant (Large et al., 2009). Under dryer conditions, the plant 
matter can become water stressed and reduce its stomatal conductance in order to 
preserve water. This will reduce the CO2 supply to the plant and increase the δ
13
C 
composition of the carbon which is photosynthesized (Farquhar et al., 1982). Increases 
in the δ13C value of the peat were therefore interpreted as reflecting a shift to drier 
conditions. 
Figure 2.7 summarizes the changes in carbon density, carbon isotopes and other 
environmental variables measured in HYLK-1 by Large et al. (2009) compared to 
previously published environmental studies on the Qinghai-Tibetan Plateau. Based on 
the multi-proxy analysis described above, the following periods were interpreted as 
particularly cold phases on the eastern Tibetan Plateau, likely indicative of permafrost 
conditions: from 8.0 to 7.1 kyr BP, 5.5 to 3.4 kyr BP, 1.8 to 1.4 kyr BP and 1.0 to 0.8 
kyr BP, as well as around 3.1 kyr BP. These interpretations agree well with other 
environmental archives in the region (Fig. 2.7) and provide a sound history of local 
environmental conditions on the eastern Tibetan Plateau during the Holocene. For more 
details on the individual environmental proxies and reconstructed Holocene history, the 
reader is referred to Large et al. (2009). Combined with this history, the changes in 
atmospheric circulation which will be interpreted in this thesis from measurements of 
the fluxes and provenance of mineral dust deposited to HYLK-1, will provide robust 
and invaluable information on the climatic evolution of the eastern Tibetan Plateau. 
 
2.4.5. Summary 
 
This section provided an overview of how peat deposits can be used as 
environmental archives and showed that the measurement of trace elements (including 
the REE) and Pb isotopes in this matrix can help elucidate past changes in atmospheric 
circulation patterns and environmental change. Provenance studies of mineral dust 
deposited in peat repositories such as the Hongyuan peatland on the eastern Tibetan 
Plateau therefore hold the potential to provide unique information on the climatic evolu- 
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Fig. 2.7. Variations in the environmental proxies measured by Large et al. (2009) as a function of age in 
the peat core HYLK-1, compared to previously published data. Identified cold intervals are marked in 
blue and dry intervals in yellow. (Figure: Large et al., 2009).  
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tion of the Asian monsoon in this sensitive region. The identification of dust fluxes and 
sources in key monsoon regions such as the eastern Tibetan Plateau can in turn provide 
useful constraints for numerical models and the means by which to test simulation 
results of Asian dust transport.  
 
2.5. Numerical modelling of the dust cycle 
 
Numerical model studies provide an opportunity to study the factors affecting 
Asian dust emissions, transport and deposition, as well as to investigate the 
relationships between dust burdens and the Asian monsoon climate. Asian dust 
emissions and transport have been examined in a number of model studies (e.g. Wang 
et al., 2000; Gong et al., 2003; Shao et al., 2003; Zhang et al., 2003a; Laurent et al., 
2006; Lee et al., 2006; Uno et al., 2006), which have focused on producing realistic 
estimates of dust emissions as well as correctly reproducing the frequency and location 
of specific dust storm events. In this section, a brief overview of dust modelling is 
provided, followed by a discussion of the input parameters which are needed for the 
simulation of dust emissions. Simulation results from recent model studies of Asian 
dust emissions are presented and certain limitations of current dust models are 
discussed. In a final part, a brief description of the regional model used in this thesis is 
provided. More information on the parameterizations necessary for the simulations of 
Asian dust transport to Hongyuan and their implementation in the model is provided in 
Chapter 8. 
 
2.5.1. Overview of dust models 
 
Dust models have been widely used since the 1990s in an effort to better 
understand the different processes by which mineral dust aerosols interact with the 
Earth's climate system and the main factors affecting dust emissions (Tegen and Fung, 
1994; Marticorena and Bergametti, 1995; Shao et al., 1996; Tegen et al., 1996; 
Marticorena et al., 1997; M. Schulz et al., 1998; Mahowald et al., 1999, 2005). These 
models were later applied to the Asian continent (Wang et al., 2000; Gong et al., 2003; 
Zhang et al., 2003a) and much recent research has focused on the accurate simulation of 
Asian dust emissions (e.g. Laurent et al., 2006; Uno et al., 2006). 
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However, model simulations of global dust emissions and atmospheric burdens 
produce a wide range of estimates (e.g: estimates of total mass burdens and global dust 
emissions vary between 8-36 Tg and 1000-2150 Tg y
-1
 respectively) (Zender et al., 
2004) and the environmental effects of dust aerosols in climate models remain poorly 
constrained (Washington et al., 2003). This large spectrum of model results arises from 
the complex nature of the processes involved in simulating the dust cycle. In order to 
model the transport of mineral dust aerosols from dust sources to a region of interest, 
the processes relating to the production, transport and deposition of dust aerosols must 
be explicitly parameterized and coupled to a definition of the surface areas capable of 
emitting dust particles and an atmospheric circulation model. The complexity of these 
mechanisms, along with differences in the circulation model used, contribute to the 
wide range of estimates. It has been shown that simulated dust emissions are 
particularly sensitive to the choice of input parameters such as vegetation distribution 
and snow cover (Tegen et al., 2002), soil moisture (Laurent et al., 2006) and the 
definition of the wind velocity above which particles can be mobilized (Lunt and 
Valdes, 2002a).  
 
2.5.2. Input parameters for the simulation of dust emissions 
 
As will be discussed in detail in Chapter 8 of this thesis, mineral dust emissions are 
a complex function of both soil surface properties (size distribution of the surface soils, 
roughness length of erodible and non erodible particles, soil moisture) and 
meteorological conditions (wind friction velocity, precipitation). When the wind 
friction velocity above the land surface exceeds a certain value, dependent the surface 
properties of the soils, dust particles enter a horizontal flux called saltation (Marticorena 
and Bergametti, 1995). Subsequent sandblasting and particle collision within the 
saltation layer form the finer dust particles which can then be entrained into the 
atmosphere.  
Two approaches are generally considered for the parameterization of dust 
emissions. Bulk mobilization schemes (e.g. Tegen and Fung, 1994; Mahowald et al., 
1999) parameterize mobilization as a function of wind speed and subsequently impose a 
size distribution on the emitted dust. More complex mobilization schemes, developed 
based on wind tunnel experiments, utilize the microphysical properties of the soil 
surface to predict a size resolved horizontal flux (saltation flux) and subsequent vertical 
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flux resulting from sandblasting and breaking down of larger aggregates (Marticorena 
and Bergametti, 1995; Shao et al., 1996; Shao, 2001). Such models have been validated 
in specific regions, e.g. the Sahara (Marticorena et al., 1997) but have the disadvantage 
of a strong dependence on  a number of input parameters which are often not known for 
the specific area studied. A few of these parameters are described below along with 
examples of their computation in different model studies. 
 
2.5.2.1. Soil size distribution 
 
The parameterization of dust emission fluxes is particle size dependent, and the soil 
size distribution of the surfaces capable of emitting dust must be included into the 
model. There is to date no global dataset providing the size distribution of specific soils 
and few field measurements exist, which could provide direct input data for such 
purposes. Instead, may studies derive estimates of soil size distributions based on the 
United Nations Educational, Scientific, and Cultural Food and Agriculture Organization 
(UNESCO/FAO) Soil Map of the world (source: Zobler, 1986). The FAO soil map has 
a 0.5˚ resolution and describes the soil texture of the uppermost 30 cm of the dominant 
soil in each grid cell and has been used in model studies to derive particle size 
distributions (Lunt and Valdes, 2002a; Tegen et al., 2002).  
In Asia, Gong et al. (2003) estimated the soil size distributions of dust sources 
based on a soil texture map of China, assigning a size distribution for each soil type. 
More recently, Laurent et al. (2006) based their distribution on results from fitting 
procedures on ground measurements of Chinese arid areas (Yang et al., 2001; Mei et 
al., 2004). 
 
2.5.2.2. Surface roughness length and roughness length of erodible elements 
 
The threshold wind friction velocity above which particles of a certain size class 
are mobilized also depends on the roughness length of the total surface and that of 
erodible elements.  
To define the surface roughness length, some studies used a complex scheme based 
on the estimation of the height h and density F of roughness elements (which inhibit 
dust emissions) for fifteen satellite-derived land-use categories, and estimate the 
average roughness length of each grid cell based on these parameters (Marticorena et 
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al., 1997; Gong et al., 2003). Laurent et al. (2006) established an empirical relationship 
between the POLarization and Directionality of the Earth Reflectance (POLDER-1) 
satellite bi-directional reflectance and surface roughness length, based on a method 
proposed by Marticorena et al. (2004). Such a method showed good agreement between 
model results and observation for the simulation of dust events in the Sahara and 
Arabian peninsula (Marticorena et al., 2004). 
The smooth roughness length as defined by Marticorena and Bergametti (1995) is 
the roughness induced by soil grains on a bare erodible surface, which is source 
dependent. Marticorena et al. (1997) suggested that this parameter can be calculated as 
one thirtieth of the coarse diameter of the soil population. However, according to 
Marticorena and Bergametti (1995), the sensitivity of the results to the smooth 
roughness length over a range of one order of magnitude (10
-4
 to 3.10
-3
 cm) can be 
represented by a unique value of 10
-3
 cm. This value has been used in previous model 
simulations over Asia (Gong et al., 2003). 
Some authors have proposed the notion of dust "hot spots", or regions from which 
the release of fine grained particles preferentially occurs (Ginoux et al., 2001; Prospero 
et al., 2002; Tegen et al., 2002; Zender et al., 2003). Such regions are generally 
topographic lows, where fine grained sediments have accumulated and may be easily 
disturbed. A number of erodibility functions have been developed to represent these 
preferential areas, based on factors such as topography changes (Ginoux et al., 2001), 
runoff areas (Zender et al., 2003), water routing and storage models (Tegen et al., 
2002), or satellite-based measures of surface reflectivity (Grini et al., 2005). Within 
these areas, which are considered fully erodible, a unique value for the smooth 
roughness length can be assigned (e.g. Zender et al., 2003). However, studies using 
different erodibility factors over the Chinese sources have led to very different 
estimates of dust emissions in the Taklamakan desert (Grini et al., 2005), showing the 
sensitivity of emissions to the erodibility dataset. 
 
2.5.2.3. Soil moisture 
 
Dust emissions often include a parameterization of the effect of soil moisture on 
the threshold wind friction velocity (e.g. as proposed by Fecan et al., 1999). Soil 
moisture can be computed based on water balance models (for example where moisture 
contents depend on the liquid water flow rate at the top and bottom of each soil layer) 
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and the FAO soil texture map (Zobler, 1986) and associated texture profiles (Laurent et 
al., 2005, 2006). 
In such parameterizations, the flow rate at the top of the first layer is determined by 
the balance between evaporation and precipitation. Gong et al. (2003) suggested that the 
addition of accurate remote sensing data is useful for the correct computation of soil 
moisture as daily precipitation is not often well forecasted in climate models.  
Laurent et al. (2006) simulated monthly dust emissions for the years 1996-2001 
both including and excluding the effects of soil moisture. They found that soil moisture 
does not considerably affect the seasonal cycle of modelled dust emissions, with very 
small effects of this parameter during the spring months, when most of the annual dust 
emissions take place (Merrill et al., 1989; Sun et al., 2001; Zhang et al., 2003a). 
According to their results, however, winter dust emissions may be significantly affected 
by soil moisture. This could suggest that the computation of soil moisture may not be 
necessary for long-term estimates of annual dust emission fluxes, when spring 
emissions are likely to dominate the total signal, but are necessary for short-term studies 
aiming to accurately reproduce particular dust events in specific source regions. 
 
2.5.3. Recent model studies of Asian dust emissions 
 
The global nature of Asian dust transport and the environmental impacts of dust 
aerosols have led to a growing interest in the accurate simulation of Asian dust 
emissions, transport and deposition. In the last decade, a number of studies have 
focused on the improvement of dust emission schemes through better representations of 
Asian dust source properties, and the reproduction of specific observed dust events 
(Gong et al., 2003; Zhang et al., 2003a, 2003b; Laurent et al., 2005, 2006; Uno et al., 
2006). Results from three model studies of Asian dust emissions are outlined here. 
Gong et al. (2003) simulated Asian dust production and transport during the period 
from March to May 2001, integrating ground measurements of particle size 
distributions obtained during the Aerosol Characterization Experiment-Asia (ACE-
Asia) (Zhang et al., 2003b). Soil size distributions were generated based on a soil 
texture map and the vertical emitted dust flux was separated into different size bins. 
Model results were compared to ground-based measurements and satellite observations 
and found to reasonably reproduce the main dust storm events and dust burdens above 
and downwind from the source regions. The simulations produced 253 Mt of soil dust 
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with particle diameters below 40 µm during the study period, more than half of which 
was attributed to four intense dust storm events. 
Zhang et al. (2003a) carried out similar simulations, also integrating measurements 
from the ACE-Asia campaign (Zhang et al., 2003b). Dust emissions were modelled 
between the years 1960 and 2002 to assess the impact of increasing land-use and 
desertification on Asian dust emissions. The 43-yr average emissions suggested that the 
Taklamakan and Badain Jaran deserts accounted for over 40% and the Mongolian 
deserts for ~30% of total Asian dust emissions. Their results showed that modelled 
Asian dust emissions were 24% higher between 1960-1979 than between 1980-1999, 
suggesting that increasing land-use in the 1980s and 1990s in China did not 
significantly impact total emissions. This is partly due to the fact that total dust 
emissions are highly dependent on intense dust storm events in specific regions.  
Laurent et al. (2006) investigated the temporal and spatial variability of Asian dust 
emissions during the period from 1996-2001. The dust emission scheme parameterized 
in the model included size distribution data from intensive sampling campaigns carried 
out across the main Chinese arid lands (Yang et al., 2001; Mei et al., 2004). Simulation 
results of the location and intensity of a few severe dust storms during the spring of 
1998 and 2001 showed good agreement with observation records. The seasonality of 
dust emissions was well reproduced and model results suggested that spring emissions 
are dominated by dust events in the Taklamakan desert, while winter emissions tend to 
occur in the northern deserts (Badain Jaran and Tengger deserts). The authors noted 
that, though the Gobi desert is not a frequent emitter of Asian dust, a small number of 
intense dust events contributed to nearly 40% of the mean annual simulated emissions.  
 
2.5.4. Limitations of dust models 
  
2.5.4.1. The lack of ground measurements in the source regions 
 
The complex nature of dust emissions requires a number of input parameters to be 
integrated into the model parameterizations, such as those described in section 2.5.3. 
These parameters are likely to vary greatly between dust sources around the world, and 
source specific input data should ideally be integrated into the model dust scheme. 
Though recent field campaigns have provided information on the size distribution of 
selected Asian arid surfaces (Yang et al., 2001; Zhang et al., 2003b; Mei et al., 2004), a 
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comprehensive database of ground-based measurements is still lacking. For example, 
the lack of observation data in the Thar desert of northwestern India, an important 
source of mineral dust to the Indian sub-continent and the Himalayas (Carrico et al., 
2003; Yadav and Rajamani, 2004; Habib et al., 2006; Zhang et al., 2009) precludes the 
accurate simulation of dust emissions from this source and their impact on climate. In a 
comparative study of a number of different climate models, Uno et al. (2006) showed 
that dust emissions are more sensitive to the use of reliable surface soil information than 
either the complexity of the dust emission scheme or the model horizontal resolution. 
The importance of surface properties in the model input data was also demonstrated by 
Lunt and Valdes (2002a). 
 
2.5.4.2. The lack of validation datasets of dust emissions, burdens and deposition fluxes 
 
 Model results can only be interpreted after their successful validation against 
observational datasets. Satellite-derived estimates of average dust concentrations are 
often used to compare simulated atmospheric dust burdens and transport patterns, such 
as the Total Ozone Mapping Spectrometer aerosol index (TOMS-ai) or the Light 
Detection And Radar (LiDAR) (Tegen et al., 2002; Gong et al., 2003; Zender et al., 
2003; Uno et al., 2006).  
The validation of emission and deposition fluxes requires surface measurements to 
which modelled fluxes can be directly compared. Such validation datasets, however, do 
not have a good global coverage. Observation stations in and around the dust source 
regions are still sparse, precluding the accurate comparison of emission fluxes (Laurent 
et al., 2006). Dust deposition datasets also have a very poor spatial coverage, with 
notably a strong need for additional continental sites (Lawrence and Neff, 2009). The 
inclusion of continental sites in the validation process is sometimes excluded due to the 
influence of additional processes such as land use or industrial pollutants (Tegen et al., 
2002). 
A very useful dataset of palaeodeposition fluxes comes in the form of the Dust 
Indicators and Records of Terrestrial and Marine Palaeoenvironments (DIRTMAP) 
database (Kohfeld and Harrison, 2001), a compilation of dust deposition fluxes 
observed in various dust archives. This database has been used to validate model studies 
of past and present dust transport (e.g. Mahowald et al., 1999; Lunt and Valdes, 2002a). 
However, most of the sites included in DIRTMAP consist of oceanic or polar records 
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and continental sites in Asia consist mainly of loess deposits, for which dating errors 
are often large. The need for additional terrestrial validation datasets of dust deposition 
fluxes, especially in Asia, is once more visible. 
 
2.5.4.3. The underestimation of regional deposition 
 
Model studies of dust deposition fluxes tend to underestimate deposition in 
continental settings, with an underestimation of high accumulation rates and an 
overestimation of low accumulation rates (e.g. Ginoux et al., 2001; Zender et al., 2003). 
This is probably due to the imposed size distributions of emitted aerosols, with a bias 
towards smaller particles, thus underestimating regional fluxes which are partly caused 
by larger particles settling faster under gravitational effects (Lawrence and Neff, 2009). 
For example, Bory et al. (2002) attributed their underestimation of deposition fluxes to 
the northeastern Atlantic Ocean compared to sediment traps to the misrepresentation of 
particle size distributions during transport. In this view, the need for additional 
terrestrial validation sites is once more warranted. 
 
2.5.5. The regional climate model REMOTE 
 
In this thesis, a dust emission scheme was incorporated into a pre-existing regional 
climate model (RCM) called REMOTE (REgional MOdel with Tracer Extension). A 
detailed description of the parameterizations included in REMOTE for the simulation of 
the Asian dust cycle is provided in Chapter 8 but the model and a few of its applications 
are briefly described here. 
 
2.5.5.1. Model configuration 
 
The regional, three-dimensional on-line atmospheric chemistry/aerosol model 
REMOTE (REgional MOdel with Tracer Extension, http://www.mpimet.mpg.de/ 
en/wissenschaft/ modelle/remote.html), allows the physical, chemical and aerosol state 
of the atmosphere to be determined at each model time step (Langmann, 2000; 
Langmann et al., 2008). The physical parameterizations implemented in REMOTE are 
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based on those of the former regional weather forecast system of the German Weather 
Service (Majewski, 1991) and the global climate model ECHAM-4 (Roeckner, 1996). 
REMOTE can be applied with a horizontal resolution of 0.1˚ to 1˚ and 20 vertical 
layers of increasing thickness between the Earth’s surface and the 10 hPa pressure level 
using terrain following hybrid pressure coordinates (sigma coordinates following 
topographic variations near the surface gradually changing into pressure coordinates). 
Simulations are currently run on timescales from days to decades. The model is 
initialized over a chosen study area using meteorological analysis data from the 
European Centre for Medium Weather Forecast (ECMWF). After initialization, the 
model develops independently inside the model domain, solving the prognostic 
equations characterising the model atmosphere on an Arakawa C-grid (Mesinger and 
Arakawa, 1976) at every model timestep of 5 min. At the lateral boundaries, the 
ECMWF data is updated every 6 hours with linear interpolation at each timestep in 
between.  
REMOTE can be run in "Forecast" mode or "Climate" mode. Whereas in the 
forecast mode meteorological input data is updated throughout the model domain every 
30h, the climate mode updates ECMWF-analysis data only at the lateral boundaries. 
Within the model domain, the model is free to respond to variations in internal 
parameters.  
 
2.5.5.2. Model studies of aerosol transport with REMOTE 
 
Recent studies of aerosol transport using REMOTE have focused on various 
applications, such as chemical transformations and dispersion of natural and 
anthropogenic emissions (Langmann et al., 2008), or transport and removal of volcanic 
ash in Indonesia (Pfeffer et al., 2006), Nicaragua (Langmann et al., 2009) and the 
Aleutian Islands (Langmann et al., 2010). 
Langmann et al. (2008) evaluated the ability of REMOTE to simulate 
meteorological parameters (e.g. precipitation) and trace species concentrations and 
deposition (e.g. sea salt and sulfate) over Europe in January and June 2003. Results 
showed that the model was able to reasonably reproduce observation data for these two 
months. Additionally, the authors compared model results using both a bulk mass and a 
size distributed approach and revealed the importance of dry deposition processes in the 
total aerosol burden. Dry deposition can be an important loss process of atmospheric 
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aerosols close to the source due to the presence of larger particles. Using the size 
distribution module increased the number of fine particles, and therefore facilitated 
long-range transport of trace species, decreasing the total dry deposition fluxes and 
raising the atmospheric burden by 10%. However, as noted in section 2.5.4.3, an 
overestimation of fine particles leads to a bias towards long-range deposition. These 
studies therefore show the complexity aerosol transport models. 
Recently, REMOTE was applied over the Aleutian Islands after the unexpected 
eruption of Kasatochi volcano in August 2008 (Langmann et al., 2010). A large amount 
of erupted volcanic ash settled into the NE Pacific Ocean but the total volume of ash or 
surface area of the ashfall remained unknown due to the lack of direct observation. 
Modelled atmospheric burdens were compared to satellite data and results suggested 
that a considerable proportion of the erupted ash mass had settled into the NE Pacific 
Ocean by the end of the second day following the eruption. Fifty percent of the total 
erupted dust eventually settled in this area. These results provided a likely explanation 
for the reduction in seawater CO2 recorded in August 2008 at a nearby ocean station, 
through the fertilization of seawater by the large amount of iron attached to the ash, and 
subsequent phytoplankton production. 
These two studies are good examples of the type of work carried out on aerosol 
transport using REMOTE, as well as of the ways in which such climate models can 
provide useful hypotheses about aerosol processes and their relationship to the global 
climate system and biogeochemical cycles. 
 
2.5.5.3. Application over central Asia 
 
The regional climate model REMO, on top of which a tracer extension was added 
to create the model REMOTE, has been previously applied in central Asia to simulate 
precipitation and wind patterns during the summer months of the years 1996-1998 (Cui, 
2005). Simulations were run both in Forecast and Climate modes during these three 
years. Model results in the forecast mode showed good agreement with observation 
data, representing both recorded flood conditions in 1998 and drought conditions in 
1997, and better represented the inter-annual variability of total precipitation over the 
model domain. However, this mode restricted the ability of the model to simulate meso-
scale phenomena. Simulations in climate mode departed more from individual 
observations, likely a result of the longer time integrations, where the model tends to 
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depart from the driving fields through its freedom to respond to internal parameters. 
The authors concluded that REMOTE run in climate mode was suitable for long term 
mean climate studies, whereas the study of individual climate events were better 
achieved in the forecast mode.  
 
2.5.6. Summary 
 
In this section, an overview of numerical models applied to the study of dust 
emissions, transport and deposition was provided. A brief introduction to dust 
modelling was given and the determination of several input parameters was discussed. 
A summary of recent model studies of Asian dust provided pointers to which aspects of 
dust modelling are in need of further refinement and notably showed the importance of 
input parameters relating to soil surface properties for the calculation of dust emission 
fluxes. A clear limitation for the successful validation of dust model studies on regional 
scales is the lack of terrestrial datasets of dust deposition rates. More such records must 
be obtained in Asia if the effects of dust emissions on climate and their relationship to 
the monsoon cycle are to be better understood. In this view, the Hongyuan peat record 
of dust deposition which will be presented in this thesis would provide a useful 
additional dataset against which to compare simulation results in the climatically 
sensitive region of the eastern Tibetan Plateau. Such a comparison will be performed in 
this thesis using the regional climate model REMOTE, which was briefly described 
here. 
 
2.6. Conclusions 
 
The aim of this thesis is to reconstruct Holocene palaeomonsoon circulation and 
environmental change over the eastern Tibetan Plateau, through the geochemical study 
of mineral dust deposited in the Hongyuan peatland and the use of this record to 
constrain atmospheric model simulations of dust transport. In this view, the purpose of 
this literature review was to:  
(1) Introduce the different aspects of the work which is carried out in this thesis;  
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(2) Provide a comprehensive record of both the pioneer studies which were 
undertaken in the different fields of research relevant to the present work, and recent 
examples of their application in different domains; 
(3) Emphasize which aspects are in need of further improvement, and how the 
study of the Hongyuan peat core outlined in the following six chapters may provide 
useful and exciting new additions to the existing research. 
Several conclusions can be drawn from this review. First, a better understanding of 
the variability of the Asian monsoon system requires more proxy-based interpretations 
of climate records of atmospheric circulation in central Asia, and notably in transitional 
areas such as the eastern Tibetan Plateau. The Hongyuan peatland is therefore ideally 
located to carry out such a palaeoenvironmental study. 
Second, the provenance tracing of mineral dust deposited in the Hongyuan peat 
could provide a unique opportunity to reconstruct past atmospheric circulation and 
environmental change in central Asia. The accurate reconstructions of atmospheric 
circulation from such a record require the determination of reliable provenance 
indicators accurately measurable in both the peat samples and the potential dust 
sources, and which can distinguish between them. 
Third, the successful evaluation of numerical simulations of dust fluxes requires 
both accurate input data concerning dust source properties and additional terrestrial 
datasets of deposition fluxes, against which regional transport simulations of dust above 
Asia can be compared. 
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Abstract 
 
The geochemical identification and provenancing of atmospheric dust deposited in 
terrestrial archives such as peat bogs offers the unique possibility to study past changes 
in atmospheric circulation, for example over central Asia. Such studies call for several 
geochemical considerations, one of which is the determination of a precise and accurate 
analytical method for the measurement of the elements selected for provenance tracing, 
ideally applied to both the archive samples and those from the potential dust sources. 
The use of a common, accurate analytical method on all sample types would minimize 
the possible sources of error when comparing final sample compositions of different 
origins. Such errors include those associated with the sample preparation and digestion 
procedures (acid types/volumes and associated blanks, lab environment and possible 
sources of external contamination). The use of a single method allows these sources of 
error to be similar for all samples and to minimize their effects on the comparison 
between different sample compositions when identifying the provenance of the 
deposited dust.  
 Here, a single digestion method was identified, which allows the precise and 
accurate determination of selected trace elements in a range of geological and biological 
reference materials. These materials were taken to represent possible terrestrial dust 
archives (peat, soil) and dust source matrices (basaltic, granitic). The use of a hot plate 
digestion method with 2 ml HF and 0.5 ml HNO3 for 0.1 g of sample allowed the 
precise, accurate and low blank measurement of the major elements, rare earth elements 
(REE) La-Yb and the trace elements Sc, Y, Th and Pb in all sample types.  
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3.1. Introduction 
 
Dust deposition in terrestrial or marine records is ideal for the study of past 
atmospheric circulation patterns as it allows the identification of both dust sources and 
dust fluxes. Ombrotrophic peat bogs are, with ice cores, the only archives which 
reliably record mineral dust and aerosol deposition with a solely atmospheric origin and 
therefore record changes in atmospheric dust deposition (e.g. Aubert et al., 2006; 
Kylander et al., 2007). Measurements of dust in peat cores around the world have 
shown that conservative elements such as the rare earth elements (REE) and selected 
trace elements are not affected by post-depositional mobility (Shotyk et al., 2001; 
Aubert et al., 2006; Kylander et al., 2007) and their relative concentrations can be used 
to identify the source of the deposited dust. They have been successfully applied to 
study the source and history of heavy metal deposition in Europe (Klaminder et al., 
2003; Kylander et al., 2005), to identify and date climate events such as the Younger 
Dryas and analogous cooling events in Europe and Indonesia (Shotyk et al., 1998; 
Weiss et al., 2002a) and to determine the major dust emission sources in Europe and 
Australia (Aubert et al., 2006; Kylander et al., 2007).  
As will be discussed in Chapter 5, a 6.2 m long peat core was collected in May and 
June 2006 from the Ruo’ergai wetland on the eastern Qinghai-Tibetan Plateau, near the 
town of Hongyuan. Located close to the present day limit between the influence regions 
of different monsoon sub-systems (East Asian winter monsoon, East Asian summer 
monsoon, Indian summer monsoon) and along the pathway of the Westerly jet, as well 
as surrounded by different mineral dust sources, it presents an ideal location for the 
study of changes in atmospheric circulation above the eastern Tibetan Plateau (Figs. 
2.1, 2.3).  
To establish such a record of dust provenancing in a peat archive, the geochemical 
composition of the peat samples must be compared to that of the potential dust sources 
considered. For this purpose, the use of a single reliable dissolution method optimizing 
precision and accuracy in all sample types could minimize the propagation of any 
uncertainty relating to the dissolution method itself (e.g. blank concentrations due to 
type and volume of acids used or laboratory environment). With the use of a single 
method, these potential sources of error will not affect the compositional comparison 
between source and receptor samples when determining the origin of deposited dust. 
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Such a method must be applicable to samples from both the dust sources and 
archive and allow high precision and accuracy measurements of the elements of 
interest. This can be achieved through the use of reference materials representative of a 
range of sample compositions, including both the archive and source region matrices. 
Smith et al. (2003) used USGS reference material BCR-1 Basalt as quality control for 
the analysis of Argentinian dust. While this reference material can be used in such a 
study area where parent materials largely consist of basalts and andesites, USGS BCR-1 
alone may not be used for the study of dust transport where many sources have a 
different matrix. If the geochemical composition of both sources and archive are to be 
directly compared and analytical errors minimized, further reference materials are 
needed to characterize more silica-rich source matrices and the matrix of the archive 
itself.  
 The constraints one is faced with in the development of a single analytical method 
for the measurement of soil dust in peat archives such as the Hongyuan deposit are 
therefore four-fold: (1) small volumes of material must be used; (2) low blanks must be 
achieved; (3) the method must give good recoveries for a range of elements (4) it must 
be applicable to different sample types.  
All of these issues in the determination of a single digestion method for the 
measurement of major and trace elements (including the REE) in dust sources and 
terrestrial archives are approached in this chapter, with a focus on peat material. The 
resulting method will be subsequently applied to digest samples from a range of Asian 
dust sources (Chapter 4) and from the Hongyuan peat core (Chapters 5 and 6).  
 
3.2. Materials and methods 
 
3.2.1 Materials and reagents 
 
Four reference materials are used to represent the diversity in dust source as well as 
archive. USGS BCR-1 Basalt and USGS G-2 Granite represent geological extremes of 
potential source mineralogy, from silica-poor to silica-rich. NIST 1515 Apple leaves 
and NIST 2711 Montana soil represent potential terrestrial dust archives (peat, soil 
profiles). In the absence of a certified peat reference material, the plant reference 
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material NIST 1515 is often used for quality control (e.g. Weiss et al., 1999b; Chen et 
al., 2005). 
For hot plate digestions, all work was undertaken under clean laboratory conditions 
(class 1000 laboratory, class 10 laminar hoods) with protective clothing and footwear. 
Acids used were of supra-pure grade or purified by sub-boiling distillation. Before use, 
all labware was cleaned in turn with 10% v/v 8M HCl, 10% v/v 15.6M HNO3 and 
ultrapure (Milli-Q) H2O on a hot plate at 120ºC for 24 hrs each. For microwave-assisted 
digestions, acids used were of Aristar grade and acid addition was carried out under 
clean laboratory conditions. Microwave vessels were pre-cleaned with 5 ml HNO3 and 
5 ml Milli-Q H2O for 20 min at 150˚C in the microwave. 
  
3.2.2 Digestion Methods 
 
3.2.2.1. Hot plate digestion of USGS BCR-1 and USGS G-2 
 
The reference materials USGS BCR-1 and USGS G-2 were digested using 5 
different hot plate digestion methods with varying proportions of HF and HNO3 (Table 
3.1). One hundred mg aliquots of both materials were weighed to 0.1 mg into 14.7 ml 
screw top Savillex PTFE vessels. Digestions were carried out on a hot plate at 150ºC. 
After the digestion times noted, the samples were evaporated to dryness and a second 
acid step was carried out to dissolve any solid residues and fluorides that will form due 
to excess HF. This is important as the REE react with F
-
 in solution to form insoluble 
fluorides which can affect correct REE recovery. Methods A, B  and C (Method B: Yu 
et al., 2001) tested different molar HF/HNO3 ratios. As USGS G-2 contains many 
refractory phases such as rutile and zircons, which concentrate heavy REE (HREE), 
methods D and E were designed to investigate whether the total amount of HF or the 
use of HClO4 in the post-digestion step improved elemental recovery. All solutions 
were placed in an ultrasonic bath for one hour at the beginning of the digestion and after 
24 hrs and 48 hrs. After the digestion, samples were diluted to 10 ml in 10% v/v 15.6M 
HNO3 and stored for analysis by Inductively Coupled Plasma Mass Spectrometry (ICP-
MS) at the Natural History Museum, London. Recoveries were compared for Sc, Y, Th 
and the REE. 
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Table 3.1. Hot plate and microwave-assisted digestion methods tested on USGS BCR-1 Basalt, USGS 
G-2 Granite, NIST 2711 Montana soil and NIST 1515 Apple leaves 
Method Acids Reference 
material 
Time Digestion  
step 2 
Molar 
HF/HNO3 
     A.
 
1.2 ml HF, 0.8 ml HNO3 BCR-1, G-2 24 hrs - 3.8 
     B
a
.
 
2 ml HF, 0.5 ml HNO3
 
BCR-1, G-2 48 hrs 2 x 1 ml HNO3 10 
     C. 2 ml HF, 0.8 ml HNO3, 0.2 ml 
HClO4
 
BCR-1, G-2 48 hrs 2 x 1 ml HNO3 6.1 
     D. 2.535 ml HF, 0.635 ml HNO3 G-2 48 hrs 2 x 1 ml HNO3 10 
     E. 2 ml HF, 0.5 ml HNO3 G-2 48 hrs 2 x 1 ml HClO4 10 
Method Acids Reference 
material 
Weight T(°C) Ramp 
stages 
 MW1
b
.
 
4 ml H2O, 6 ml HNO3,  
0.16 ml HF
 
NIST 2711, 
NIST 1515 
0.05 g, 
ashed
 
165 1 
 MW2. 2 ml H2O 3 ml HNO3,  
3 ml H2O2, 0.8 ml HF 
NIST 2711, 
NIST 1515 
0.3 g, 
unashed 
210 5  
(a) Yu et al. (2001) 
 (b) Kylander et al. (2004) 
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3.2.2.2. Microwave and hot plate digestion of NIST 1515 and NIST 2711 
 
Recent studies have shown that microwave autoclave digestion techniques are 
appropriate for the determination of trace elements in peat and plant matrices (Krachler 
et al., 2002; Le Roux et al., 2004). NIST 1515 and NIST 2711 were initially digested 
using two microwave-assisted methods (MW1 and MW2, Table 3.1). Determination of 
REE in plant matrices requires the mineralization of organic matter by dry or wet 
ashing (methods MW1 (Kylander et al., 2004) and MW2 respectively). Material for dry 
ashing was weighed into acid cleaned porcelain crucibles and dried at 105°C for 12 hrs. 
The dry weight was recorded and the crucibles placed in a furnace at 450°C for a 
further 12 hrs. The ash content was determined and the ash collected and digested in a 
mixture of HF-HNO3-H2O (Method MW1, Table 3.1) in TFM Teflon XP-1500 Plus
TM
 
vessels in a CEM MARSx microwave oven (CEM Corporation, USA). Material for wet 
ashing was left to react with 3 ml H2O2 for one hour. The remaining acids were then 
introduced to all samples according to the proportions given in Table 3.1. After 
digestion, all solutions were transferred to Savillex beakers and evaporated to dryness. 
One millilitre of HNO3 was added twice to dissolve any solid residue. Samples were 
then diluted in 10% v/v HNO3 to 5 ml or 30 ml for method MW1 and MW2 
respectively, in proportion with initial sample mass.  
Microwave dissolution techniques are inefficient for the digestion of geological 
samples as longer reaction times are needed for the complete breakdown of silica 
(Ivanova et al., 2001). Indeed, Taylor et al. (2002) reported systematically better results 
for the digestion of USGS granite G-2 by conventional hot plate methods. Therefore, 
0.1 g of dry ashed peat and soil samples were also digested following the hot plate 
procedure which produced the best results for BCR-1 and G-2, to compare the potential 
of microwave assisted and hot plate methods for the digestion of plant and soil samples. 
 
3.2.3. Elemental Analysis 
 
Rare earth and trace elements were measured on a Varian Inductively Coupled 
Plasma Mass Spectrometer at the Natural History Museum in London. One millilitre of 
prepared solution was further diluted in 2% v/v HNO3 to 9.9 ml and 0.1 ml of a solution 
containing 100 ng ml
-1
 Rh and 100 ng ml
-1
 In was added as an internal standard.  
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The elements of interest to us are not certified for the soil and plant reference 
materials used. The efficiency of digestion was thus tested on those elements that are 
presented in the certificate: Al, Cu, Fe, Pb, Rb, Ti and Zn. Soil and plant reference 
materials were thus also measured by ICP-AES (Varian Vista-Pro Axial) at the Natural 
History Museum, London to allow the determination of major element concentrations. 
It is important to determine and quantify potential isobaric interferences when 
measuring elemental concentrations by ICP-MS, as they may cause spurious data and 
render impossible accurate comparisons between different samples. 
135
BaO and 
137
BaO 
interfere with 
151
Eu and 
153
Eu respectively, while 
140
CeOH interferes with 
157
Gd. Meisel 
et al. (2002) showed the importance of such corrections for the accurate measurement 
of the REE, notably for 
157
Gd. In the final stages of the method development, 100 µg 
ml
-1
 solutions of Ba and Ce were placed at the beginning and end of each run to 
measure the proportion of the signal at masses 151, 153 and 157 formed by oxide and 
hydroxide polyatomic interferences and apply the relevant interference corrections. 
 
3.3. Results and discussion 
 
3.3.1. Accuracy of the analytical methods 
 
3.3.1.1 Hot plate digestion of USGS BCR-1 and USGS G-2 
 
Reference material results for all seven digestion methods are shown in Tables 3.2 
and 3.3. Recovery is calculated as a percentage of the certified or recommended value 
for each element and precision is given at the 2σ-level (95% confidence interval). 
USGS BCR-1 is readily dissolved by all digestion methods (Table 3.2). This is 
unsurprising as heavy refractory phases such as rutile and zircons are absent and SiO2 
content is low (54.11%). Nevertheless, method B gives the best results with 17 out of 
19 elements within 5% of the certified value, in agreement with the results of (Yu et al., 
2001).  
Results for the same three methods on G-2 show that method A is not adapted for 
the digestion of granites, with most REE recoveries not exceeding 60%. This is likely 
due to the short digestion time and lower HF content and HF:HNO3 ratio. Methods B 
and C both show a decrease in elemental recovery with increasing atomic number but 
  
 
7
3
 
Table 3.2. Digestion results for USGS reference materials BCR-1 Basalt and G-2 Granite. Elemental recovery (Rec) is calculated as a percentage relative to the recommended  and 
certified values. Measured concentrations exceeding that of the reference material result in recoveries greater than 100%. Errors given at the 2σ-level (95 % confidence interval) or as the 
range of measured values when n=2. 
 BCR-1 - Basalt      G-2 - Granite     
 Method A  Method B  Method C  Method A  Method B  Method C  Method D  Method E  
 µg/g 
(n=1) 
Rec 
(%) 
µg/g 
(n=3) 
Rec 
(%) 
µg/g 
(n=2) 
Rec 
(%) 
µg/g 
(n=1) 
Rec 
(%) 
µg/g 
(n=3) 
Rec 
(%) 
µg/g 
(n=2) 
Rec 
(%) 
µg/g 
(n=2) 
Rec 
(%) 
µg/g 
(n=4) 
Rec 
(%) 
La 22.6    91 26.3±1.0 105 23.4 
(23.2-23.5) 
94 42.70 48 88.3±11.0 99 76.7 
(75.7-77.7) 
86 100 
(90-111) 
113 80.8±9.1 91 
Ce 47.5 88 55.7±2.7 104 49.7 
(49.3-50.1) 
93 94.9 59 161±20 101 140 
(139-142) 
88 167 
(153-182) 
105 145±17 91 
Pr 6.39 94 6.99±0.30 103 6.19 
(6.13-6.26) 
91 9.08 50 16.1±2.1 89 14.2 
(14.1-14.4) 
79 18.0 
(15.8-20.3) 
100 13.7±1.6 76 
Nd 25.5 89 29.5±1.2 102 26.6 
(26.4-28.8) 
92 28.3 51 52.2±6.8 95 46.4 
(46.1-46.7) 
84 54.4 
(49.4-59.4) 
99 44.2±4.0 80 
Sm 5.88 89 6.76±0.28 103 6.05 
(5.99-6.12) 
92 3.93 55 7.00±0.94 97 6.34 
(6.32-6.37) 
88 7.40 
(6.76-8.03) 
103 5.97±0.70 83 
Eu 2.00 103 2.04±0.07 105 1.86 
(1.84-1.87) 
95 1.17 84 1.56±0.19 112 1.44 
(1.42-1.45) 
103 1.50 
(1.39-1.61) 
107 1.23±0.21 88 
Gd 7.07 106 4.94±0.07 74 5.46 
(5.33-5.58) 
82 3.88 90 4.28±0.12 99 4.64 
(4.50-4.77) 
108 5.08 
(4.54-5.61) 
118 4.08±0.17 95 
Tb 1.04 99 1.09±0.03 104 0.991 
(0.976-1.01) 
94 0.350 73 0.521±0.071 109 0.476 
(0.467-0.485) 
99 0.513 
(0.467-0.558) 
107 0.403±0.087 84 
Dy 5.81 92 6.40±0.32 101 5.75 
(5.69-5.81) 
91 1.28 53 2.02±0.31 84 1.81 
(1.78-1.84) 
75 2.02 
(1.86-2.19) 
84 1.663±0.241 69 
Ho 1.22 97 1.28±0.06 102 1.15 
(1.14-1.16) 
91 0.216 54 0.323±0.049 81 0.294 
(0.288-0.300) 
74 0.322 
(0.293-0.350) 
80 0.253±0.066 63 
Er 3.56 98 3.71±0.14 102 3.34 
(3.30-3.38) 
92 0.632 69 0.923±0.150 100 0.824 
(0.813-0.834) 
90 0.906 
(0.821-0.991) 
98 0.741±0.118 81 
Tm 0.474 85 0.447±0.017 80 0.487 
(0.477-0.497) 
87 0.066 37 0.090±0.005 50 0.095 
(0.091-0.098) 
53 0.097 
(0.086-0.107) 
54 0.068±0.037 38 
Yb 3.00 89 3.32±0.14 98 3.00 
(2.96-3.04) 
89 0.394 49 0.578±0.094 72 0.517 
(0.509-0.524) 
65 0.575 
(0.514-0.636) 
72 0.478±0.090 60 
Lu 0.472 93 0.494±0.030 97 0.450 
(0.441-0.458) 
88 0.054 49 0.077±0.009 68 0.069 
(0.066-0.071) 
62 0.071 
(0.064-0.078) 
65 0.050±0.033 45 
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Table 3.2 (cont'd).               
Sc 45.5 138 33.0±1.1 101 40.6 
(38.4-42.8) 
125 3.22 92 3.98±0.40 114 4.51 
(4.31-4.70) 
129 5.02 
(4.71-5.33) 
143 4.47±0.39 128 
Y 33.8 89 37.0±0.6 97 39.7 
(38.1-41.3) 
105 4.72 43 10.0±0.2 91 10.0 
(9.73-10.3) 
91 11.5 
(10.2-12.8) 
105 8.94±0.53 81 
Th 4.78 80 6.19±0.15 104 6.15 
(5.94-6.35) 
103 12.6 51 24.7±2.1 100 23.0 
(22.9-23.1) 
93 - - - - 
  
 
7
5
 
Table 3.3. Digestion results for NIST reference materials 2711 Montana Soil and 1515 Apple Leaves. Elemental recovery (Rec) is calculated as a percentage of the recommended  
and certified values and errors given at the 2σ-level (95 % confidence interval) or as the range of measured values when n=2. 
 NIST 2711 - Montana Soil                NIST 1515 - Apple Leaves  
 Method MW1  Method MW2  Method B  Method MW1  Method MW2  Method B  
 µg/g 
(n=1) 
Rec  
(%) 
µg/g 
(n=3) 
Rec 
(%) 
µg/g 
(n=2) 
Rec 
(%) 
µg/g 
(n=1) 
Rec 
(%) 
µg/g 
(n=3) 
Rec 
(%) 
µg/g 
(n=2) 
Rec 
(%) 
Al 80955±6673 124 63162±18351 97 71051 
(71027-71076) 
109 231±23 91 267±6 106 249 
(247-252) 
87 
Fe 35422±2937 123 33226±603 115 31422 
(31412-31433) 
109 105±19 126 87±9 105 91 
(85-96) 
109 
Ti 2679±288 88 2949±34 96 3054 
(3051-3057) 
100 - - - - - - 
Cu 124±6 109 116±17 102 109 
(108-110) 
96 5.02±0.56 89 5.78±2.36 102 5.06 
(4.98-5.14) 
90 
Rb - - - - - - 5.07±1.52 50 1.32±0.91 13 7.23 
(7.16-7.30) 
71 
Pb 1368±103 118 1235±25 106 1199 
(1195-1203) 
103 - - - - - - 
Zn 429±27 123 397±6 113 380 
(376-385) 
108 12.4±1.1 99 12.4±0.4 100 10.7 
(9.93-11.5) 
86 
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method B values are closer to the certified values for most elements (recoveries for light 
and middle REE vary from 84-112% for method B and 75-109% for method C and 
heavy REE values between 50-100% and 53-90% respectively). A molar HF:HNO3 
ratio of 10:1 is therefore adapted for the digestion of basalts and granites (Table 3.1). 
The results of method D show that increasing the amount of HF reduces the accuracy of 
the results for G-2, notably for Lu which is probably lost through fluoride formation 
caused by the excess HF introduced (68% with method B and 65% with method D). 
Taking up the samples in HClO4 after digestion does not seem to improve the digestion 
results (method E), suggesting that most residual material is best re-dissolved with 
HNO3. Perchloric acid may also be difficult to evaporate with conventional hot plate 
methods due to the high temperatures required. Moreover, remaining perchloric acid 
and perchlorates cause additional polyatomic interferences in the ICP-MS analysis 
(Dulski, 2001). It seems that method B, with 2 ml HF and 0.5 ml HNO3 for 0.1 g of 
sample produces results which best agree with reference values. 
 
3.3.1.2. Comparison with other dissolution methods 
 
Studies investigating the dissolution of granites, loess or Asian dust sources rely on 
bomb (Liang and Gregoire, 2000; Willbold and Jochum, 2005; Zdanowicz et al., 2006; 
Xu et al., 2007b; Yang et al., 2007a) or alkali fusion decomposition methods (Honda 
and Shimizu, 1998; Smith et al., 2003). Both methods present issues for source tracing 
studies in climate archives: fusion may not be used for the measurement of trace 
elements by ICP-MS due to the amount of total dissolved solids (TDS) in solution, loss 
of analyte during the fusion process and high blanks produced. Bomb techniques 
produce good recoveries on most elements for the reference material USGS G-2 but are 
often time consuming, with analytical procedures typically taking up to 9 or 10 days per 
batch. This becomes problematic when peat or sediment cores require up to several 
hundred measurements. In addition, not all values recorded show better data for USGS 
G-2 than method B described here. Recoveries for Ho for example vary between 78-
88%. These methods produce better results for Yb and Lu but Method B used in this 
study produces faster, cleaner and accurate results for the majority of elements. 
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3.3.1.3 Microwave and hot plate digestion of NIST 1515 and NIST 2711 
 
Table 3.3 displays the recoveries of the soil and plant reference materials for both 
microwave digestions and hot plate method B. Microwave and hot plate methods are 
adequate for the digestion of NIST 2711 but method B displays yet again the best 
results, with all elements within 10% of the certified value. This is in agreement with 
the results of Ivanova et al. (2001), who found that microwave digestion of soils is 
optimized only if a hot plate pre-digestion step is included. Additionally, reproducibility 
with this method is greatly superior, with relative standard deviations of <1% for Al, 
Fe, Pb and Ti and <3.5% for Cu and Zn at the 2σ-level. Results are less obvious for 
NIST 1515 Apple Leaves. Microwave assisted methods produce good results in 
agreement with Krachler et al. (2002), but seem to have difficulty recovering Rb (13-
50%). Method B achieves more accurate results for this element although Zn recoveries 
are slightly lower. Zinc is not an element widely used in dust studies due to its potential 
to suffer post-depositional mobility, so this result does not affect the viability of the hot 
plate digestion for the purpose of dust characterization at Hongyuan. 
 
3.3.1.4. Summary of results using Method B 
 
Overall, the hot plate-based dissolution method B provided the most precise and 
accurate results on all reference materials. Major, trace and REE concentrations for 
certified elements in all four reference materials following this method are summarized 
in Table 3.4. All trace elements and REE measured with the exception of Gd and Tm 
are within 5% of the certified value for BCR-1. Light and middle REE (La-Tb) fall 
within 12% of the certified value for G-2, with most elements within 5%. Heavy REE 
values display lower recoveries. All measured certified elements are within 9% of the 
certified value for NIST 2711 and within 14% of the reference value for NIST 1515 
except Rb. 
 
3.3.1.5. Detection limits and procedural blanks 
 
Detection limits for all elements were calculated after each run based on the 
intensity and standard deviation measurements of the calibration standards and calibra- 
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Table 3.4. Concentrations and recoveries of certified elements for the four reference materials 
studied to represent potential dust source (USGS BCR-1 Basalt and USGS G-2 Granite) and dust 
archive (NIST 2711 Montana soil and NIST 1515 Apple leaves) matrices, digested in a  mixture 
of 2 ml HF and 0.5 ml HNO3 for 0.1g material on a hot plate for 48 hrs. Elemental recovery 
(Rec) is calculated as a percentage of the recommended  and certified values and errors given at 
the 2σ-level (95 % confidence interval) or as the range of measured values when n=2.  
 USGS BCR-1 USGS G-2 NIST 2711 NIST 1515  
 µg/g 
(n=3) 
Rec 
(%) 
µg/g 
(n=3) 
Rec 
(%) 
µg/g 
(n=2) 
Rec 
(%) 
µg/g 
(n=2) 
Rec 
(%) 
 
Al 69258±483 96 81478±2526 100 71051 
(71027-71076) 
109 220 
(247-252) 
87  
Fe 87454±828 93 16848±285 91 31422 
(31412-31433) 
109 91 
(85-96) 
109  
Ti 11053±171 82 2626±60 91 3054 
(3051-3057) 
 
100 - -  
Cu - - - - - - 5.06 
(4.98-5.14) 
90  
Rb - - - - - - 7.23 
(7.16-7.30) 
71  
Pb - - - - 1199 
(1195-1203) 
 
103 - -  
Zn - - - - 380 
(376-385) 
108 10.7 
(9.93-11.5) 
86  
          
La 26.3±1.0 105 88.3±11.0 99 - - - -  
Ce 55.7±2.7 104 161±20 101 - - - -  
Pr 6.99±0.30 103 16.1±2.1 89 - - - -  
Nd 29.5±1.2 102 52.2±6.8 95 - - - -  
Sm 6.76±0.28 103 7.00±0.94 97 - - - -  
Eu 2.04±0.07 105 1.56±0.19 112 - - - -  
Gd 4.94±0.07 74 4.28±0.12 99 - - - -  
Tb 1.09±0.03 104 0.521±0.071 109 - - - -  
Dy 6.40±0.32 101 2.02±0.31 84 - - - -  
Ho 1.28±0.06 102 0.323±0.049 81 - - - -  
Er 3.71±0.14 102 0.923±0.150 100 - - - -  
Tm 0.447±0.017 80 0.090±0.005 50 - - - -  
Yb 3.32±0.14 98 0.578±0.094 72 - - - -  
Lu 0.494±0.030 97 0.077±0.009 68 - - - -  
          
Sc 33.0±1.1 101 3.98±0.40 114 - - - -  
Y 37.0±0.6 97 10.0±0.2 91 - - - -  
Th 6.19±0.15 104 24.7±2.1 100 - - - -  
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tion blank. Values in solution are always at the ppt level, with most REE concentrations 
below 1 pg ml
-1
. Procedural blank solutions were prepared with similar acid mixtures 
and under identical experimental conditions as the samples in each batch. Procedural 
blank concentrations are below or on the detection limit for most elements except for 
Eu, where detection limits are particularly low (pg ml
-1
). All sample concentrations for 
Eu are 10,000 times larger than the blank concentrations. External contamination under 
the present clean laboratory conditions is therefore negligible. 
 
3.3.2. Reproducibility of Method B  
 
Fourteen separate G-2 digestions were carried out over a period of four months in 
order to characterize long term reproducibility and refine the analytical accuracy of the 
digestion procedure for the major elements, REE, Sc, Y and Th. G-2 was chosen over 
the other reference materials for it is notoriously difficult to dissolve and the results 
produced provide a conservative estimate of analytical uncertainty and accuracy.  
Studies argue that recent REE measurements may provide more accurate estimates 
of the composition of reference materials than is presented in the certificate thanks to 
improved instrumentations and understanding of polyatomic interferences (Dulski, 
2001). Alternative reference values may be found in such studies and G-2 recoveries 
were also calculated based on the results of Dulski (2001). Table 3.5 presents accuracy 
data for all elements relative to both sets of reference values as well as relative standard 
deviations (RSD) at the 95% confidence interval. The accuracy of the results is 
improved for Y and the heavy REE when using values from Dulski (2001) as a 
reference. All REE but Gd, Tb and Lu are within 9% of the reported value and most 
within 4%. RSD is less than 8% for most elements, 10% for heavy REE Er-Yb and 11% 
for Lu. Figure 3.1 displays the recovery of all certified elements using both sets of 
reference values. 
 
3.3.3. Choice of elements for source tracing 
 
Table 3.5 provides accuracy data for all trace elements calculated as the ratio of 
measured to certified or recommended value and presented as a percentage. Thorium 
and all certified REE and their errors lie comfortably within the range of accepted 
recoveries (±10%, Fig. 3.1). Scandium and Y also present acceptable digestion results  
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  Table 3.5. Major element (n = 14) and rare earth element, Sc, Y and Th (n = 12) 
concentration data for USGS G-2 Granite using the digestion method B and accuracy 
(calculated as the recovery in %) and precision data of the results (RSD). Elements in 
italic represent those which are recommended and not certified. 
 Concentration Accuracy (%) RSD 
(µg/g) Govindaraju (1984) Dulski (2001) (%) 
Al 84714 104 - 5.40 
Ca 12803 91 - 4.78 
Fe 18511 99 - 5.14 
K 33749 91 - 3.25 
Mg 4484 99 - 9.89 
Ti 2695 94  4.72 
     
La 84.2 95 97 7.90 
Ce 154 97 98 6.22 
Pr 15.8 88 97 8.08 
Nd 53.3 97 103 5.56 
Sm 7.41 103 109 6.74 
Eu 1.40 100 99 5.85 
Gd 5.54 129 135 4.00 
Tb 0.582 121 119 6.09 
Dy 2.19 91 105 6.45 
Ho 0.359 90 103 7.20 
Er 0.879 96 100 8.13 
Tm 0.111 62 95 9.22 
Yb 0.679 85 94 9.71 
Lu 0.090 82 75 10.9 
    
Sc 4.13 118 - 7.99 
Y 9.50 86 101 6.00 
Th 25.7 104 - 4.22 
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Fig. 3.1. Recovery (value/reference; reference: Govindaraju, 1984) of certified elements in reference 
material G-2 using hot plate method B (red triangles) and recovery for the same elements relative to the 
values given by Dulski (2001) (blue squares). Errors are given at the 2σ-level (n=12). The grey bar 
indicates a deviation of ± 10% from a recovery of 100%. 
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within error using standard reference values and results for Y agree very well with 
values measured by Dulski (2001). Consequently, these elements may be used for 
source tracing. The ratio of La/Lu is often used as a provenance tracer (e.g. Kylander et 
al., 2007). Based on the repeated measurements of G-2 shown here, it is proposed that 
the use of Er or Yb as a HREE proxy is better suited for the study of atmospheric dust 
provenance because Lu recoveries are lower and Tm is present in very low 
concentrations in G-2. The use of Er or Yb ensures the accuracy and precision of the 
chosen provenance tracer.  
 
3.4. Conclusions 
 
The results of testing different digestion techniques show that a hot plate-based 
dissolution method using 2 ml HF and 0.5 ml HNO3 for a 0.1 g sample is the most 
appropriate method for the digestion of mineral dust samples from a wide range of 
origins, including both dust sources (sand, soil) and dust archives (peat, soil). This 
method allows the precise and accurate measurement of the major elements and trace 
elements La-Yb, Sc, Y and Th. Relative standard deviation at the 2σ-level is less than 
10% and recovery better than 90% for all certified elements, with most better than 95%. 
This single analytical method is applied in all subsequent work to measure the 
geochemical composition of Asian dust sources and dust samples recovered in the 
Hongyuan peat core. Doing so ensures the accurate comparison between dust source 
and dust receptor for the reconstruction of past atmospheric circulation and 
palaeomonsoon dynamics on the eastern Tibetan Plateau. 
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Abstract 
 
Provenance studies of Asian dust deposited in climate archives such the Hongyuan 
peatland are challenged by several issues, most importantly the identification of proxies 
that unambiguously distinguish between the different dust sources and that are 
independent of particle size. In addition, a single analytical method that is suitable for 
sample preparation of both source (i.e. desert sand, soil) and receptor (i.e. dust archive) 
material is desirable in order to minimize the sources of error derived from the 
experimental and analytical work when comparing samples of different origin. Here, an 
improved geochemical framework of provenance tracers to study palaeomonsoon 
variability in central Asia is provided, by combining for the first time mineralogical as 
well as major and trace elemental (Sc, Y, Th and the rare earth elements) information 
on Chinese (central Chinese loess plateau, Qaidam basin and Taklamakan, Badain Jaran 
and Tengger deserts), Indian (Thar desert) and Tibetan (eastern Qinghai-Tibetan 
Plateau) dust sources.  
First, the major and trace element composition of selected samples from these dust 
sources is measured using the digestion method described in Chapter 3. This method 
enables the precise and accurate measurement of major elements, Sc, Y, Th and the 
REE in different dust source matrices (sands, soils); Second, the effect of particle size 
on the composition of Asian dust sources is studied and a discussion relating to particle 
size-independent provenance tracers is provided to extend the range of tracers from 
previous work; Finally, a framework of geochemical provenance indicators which are 
able to distinguish between different Asian dust sources, and which can be measured in 
terrestrial archives, is proposed to carry out source tracing of Asian dust for the study of 
palaeomonsoon circulation. 
Quartz, feldspars and clay minerals are the major constituents of all studied 
sources, with highly variable calcite contents reflected in the CaO concentrations. All 
Chinese and Tibetan dust sources are enriched in middle REE relative to the upper 
continental crust and average shale but the Thar desert has a REE signature distinctly 
different from all other dust sources. There are significant differences in major, trace 
and REE centrations between the coarse and fine fractions of the surface sands, with the 
finest < 4 μm fraction enriched in Al2O3, Fe2O3, MnO, MgO and K2O and the < 32 μm 
fractions in Sc, Y, Th and the REE relative to the coarse fractions and upper continental 
crust (UCC). The < 4 μm fraction best represents the bulk REE geochemistry of the 
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samples. The provenance tracers Y/∑REE, La/Er, La/Gd, Gd/Er, La/Yb, Y/Tb, Y/La, 
Y/Nd and to a certain extent the europium anomaly Eu/Eu* (all REE normalized to 
post-Archean Australian shale, PAAS) are particle size-independent tracers that 
distinguish the Thar desert, the Chinese loess plateau and the Tibetan soils. Their 
independence upon grain size means that these tracers can be applied to the long-range 
provenance tracing of Asian dust even when only bulk samples are available in the 
source region. Combinations of La/Th, Y/Tb, Y/∑REE and Y/Er distinguish the Tibetan 
soils from the loess plateau and the Chinese deserts. La/Th and notably Th/∑REE 
isolate the signature of the Badain Jaran desert and Sc/La and Y/Er that of the 
Taklamakan desert. The similarity in all trace and REE-based provenance tracers 
between the Qaidam basin and Tengger desert suggests that these two deposits may 
have a common aeolian source. 
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4.1. Introduction 
 
The eastern Qinghai-Tibetan Plateau is a region of particular relevance to 
palaeomonsoon studies as it is under the influence of a variety of wind currents, 
including the East Asian winter and summer monsoons, the Indian summer monsoon 
and the Westerly jet (Fig. 4.1). The study of mineral dust deposition in climate archives 
in this region, such as the Hongyuan peat, provides means to elucidate changes in past 
circulation patterns (e.g. Biscaye et al., 1997; Svensson et al., 2000; Kylander et al., 
2007) and constrain palaeomonsoon dynamics. Dust particles transported by the 
different monsoon currents can originate from distinct dust sources in China and India 
(e.g. Zhang et al., 2009; Lee et al., 2010) and the determination of the specific origin of 
the deposited dust allows interpretations concerning which wind system was dominant 
at the site. In order to understand which deserts contributed to past dust deposition to 
the Hongyuan peatland, specific dust provenance tracers unique to each potential dust 
source must be identified. 
Selected trace elements such as the rare earth elements (REE), Y, Sc and Th have 
been recognized as robust tracers for the study of geochemical processes in various 
environments and have been widely applied to provenance studies of atmospheric dust 
(Gallet et al., 1996, 1998; Jahn et al., 2001; Pease and Tchakerian, 2002; Zdanowicz et 
al., 2006). However, source specific trace element provenance tracers for Chinese, 
Tibetan and Indian dust sources remain limited, precluding the accurate study of 
palaeomonsoon evolution in central Asia. In order to identify such tracers to be 
measured in climate archives, several considerations must be taken into account.  
First, it is of interest to determine the geochemical composition of both desert 
sources and dust recovered in archives via a single reliable method to ensure that 
analytical errors arising from the sample preparation and experimental work are 
minimized when comparing sample compositions. A hot plate-assisted dissolution 
method has been developed for this purpose in Chapter 3. 
Second, the effect of particle size on individual dust provenance tracers must be 
investigated in order to accurately compare the dust recovered in archives in central 
Asia to the potential dust sources. Major and trace element (REE, Sc, Y and Th) 
concentrations in dust particles are found to vary with particle size in Asian desert sands 
(Chang et al., 2000; Honda et al., 2004; Yang et al., 2007a, 2007b; Xiong et al., 2010), 
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making it important to compare the relevant fraction in the source region which was 
effectively deposited in the archive. For example, while long-range dust particles to 
Greenland or North America are generally found to have diameters <5 μm (Steffensen, 
1997; Zdanowicz et al., 2006), coarser dust particles with diameters < 16 μm may be 
transported over China and Japan (D. Zhang et al., 2003; Sun et al., 2007; Wu et al., 
2009b) and Asian dust particles with diameters exceeding 10 μm have been recovered 
as far as a high altitude ice core in Canada (Zdanowicz et al., 2006). The selection of 
the relevant size fraction in the source regions is thus paramount to the correct 
comparison between the transported dust and the potential source(s). In this context, of 
specific interest is the establishment of provenance tracers independent of grain size. 
These would be invaluable for studies of past Asian dust deposition as they could be 
applied to any dust source and archive regardless of the size fraction of transported dust 
and even when only bulk samples are available. Size-independent proxies have been 
studied in previous work on Asian dust but are so far limited to the major element-
based proxy   (Yang et al., 2006) and Nd isotopes (e.g. 
Kanayama et al., 2005).  
Third, an exhaustive comparison of trace and REE-based proxies must be carried 
out and a multi-proxy database of source specific provenance tracers for the Chinese, 
Tibetan and Indian dust sources must be determined. Elemental ratios are more 
representative than individual concentrations in the distinction between aeolian dust 
sources as they avoid dilution effects of certain minerals and allow the combination of 
different trends in rare earth and trace element patterns. The combination of REE and 
trace elements in proxy ratios must be further explored to optimize the differences 
between the various sources.  
The aim of the present chapter is to provide a reliable geochemical framework of 
provenance tracers for the identification of different Asian dust sources and the study of 
past dust transport on the eastern Qinghai-Tibetan Plateau. Specifically, the objectives 
are to: (i) Measure the major and trace element composition of bulk and size-separated 
surface samples from different Asian dust sources using the method optimized in 
Chapter 3; (ii) carry out a systematic and comparative investigation of the mineralogy 
and major and trace element (Sc, Y, Th and the REE) geochemistry of surface sands 
from six desert and loess deposits in China and India, as well as surface soils from the 
eastern Qinghai-Tibetan Plateau. A particular emphasis is placed on the comparison of 
the results with previously published studies to determine which characteristics of the 
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deposits are systematically observed; (iii) investigate the effect of grain size on the trace 
element composition of Chinese desert sands and determine particle size-independent 
proxies for the study of Asian dust transported to the eastern Qinghai-Tibetan Plateau; 
and (iv) identify the most reliable set of geochemical proxies to distinguish between 
these sources. In particular, provenance tracers are sought which would allow: (a) the 
distinction between Chinese vs. Indian dust input, as this will have implications for the 
dominant hemispheric wind currents affecting this region; and (b) the distinction 
between different Chinese dust sources (e.g. northwestern vs. northern deserts, Chinese 
loess plateau), as this will allow the study of regional wind currents such as the 
northerly winter monsoon or the Westerly jet. In the following chapter, the provenance 
tracers obtained here will be measured in the dust recovered from the Hongyuan peat 
core, on the eastern fringe of the Qinghai-Tibetan Plateau.  
 
4.2. Materials and methods 
 
4.2.1. Sampling of the Asian dust sources 
 
In the present work, surface samples from five Asian deserts, one section of the 
Chinese loess plateau and soils from the Qinghai-Tibetan Plateau surrounding the 
Hongyuan peat core were studied. The sampled deserts include the Taklamakan desert 
and Qaidam basin of northwestern China, the Badain Jaran and Tengger deserts of 
northern China and the Thar desert of India (Fig.4.1). As was described in section 2.3.2 
of the literature review, all these deserts and sandy lands are active dust sources today, 
with the potential to transport large quantities of mineral dust aerosols over the Asian 
continent and beyond. A comparative study of their geochemical features is therefore 
necessary to assess past contributions to Hongyuan. 
Five surface mud crusts were collected from the upper 30 cm of sandy lands in the 
Qaidam basin and Tengger, Badain Jaran and north and south Taklamakan deserts 
(samples QD-009, TG-018, BJ-024, TK-073 and TK-103 respectively, Fig. 4.1) by 
scientists from the State Key Laboratory of Loess and Quaternary Geology of the 
Chinese Academy of Sciences in Xi’An, China and the Department of Earth and 
Planetary Science, University of Tokyo, Japan. These samples were collected as part of 
a large sampling campaign of nine sandy deposits throughout China (Sun et al., 2007).   
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Fig. 4.1. Map showing the location and sampling sites (in red) of the Asian dust sources considered in 
this study: the Taklamakan desert (samples TK-074 and TK-103) and Qaidam basin (QD-009) of 
northwestern China, the Tengger desert (TG-018), Badain Jaran desert (BJ-024), and Chinese loess 
plateau (CLS-20-90) of northern China, the eastern Tibetan soils in Hongyuan (R1-R18-4) and the Thar 
desert of northwestern India (TDSD 1-3). Arrows indicate the approximate wind directions associated 
with the East Asian summer and winter monsoons, the Indian summer monsoon and the Westerly jet. The 
location of the Hongyuan peat archive to which the provenance tracers will be applied in the following 
chapter is also shown in red. 
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Loess (sample CLS-25, CLS-27), paleosol (CLS-29) and red clay samples (CLS-20, 
CLS-90) were collected by the same scientists in the central loess plateau in the vicinity 
of the Xifeng and Bashui sections, which have been studied in several publications (e.g. 
Ding et al., 2001; Jahn et al., 2001; Xiong et al., 2010). Dune sands were collected from 
the surface of the Thar desert (samples TDSD-1, TDSD-2 and TDSD-3) during a field 
campaign to northwestern India by Prof. Sanjeev Gupta. Ten surface soils from the 
eastern Tibetan Plateau were also collected radially around the Hongyuan peat core 
(samples R-1 to R-18-4) by the team members of the field campaign to eastern Tibet 
following the "Peat Archives of Atmospheric Trace Element and POP Deposition in 
Eastern Tibet and Its Implication for Global Environmental Change" workshop in May 
and June 2006. They will serve as a benchmark for locally derived dust.  
The Chinese deserts were separated into five size fractions (< 4, 4-16, 16-32, 32-63 
and > 63 μm) at the State Key Laboratory of Loess and Quaternary Geology of the 
Chinese Academy of Sciences in Xi’An, China. The coarser > 32 μm fractions were 
separated by wet sieving and the 16-32 μm (medium silt), 4-16 μm (fine silt) and < 4 
μm (clay) fractions were separated using a settling method based on Stoke’s Law. 
Unless otherwise stated, all further work on the Asian dust source samples is the 
student's own. 
 
4.2.2. Analytical methods and analysis 
 
4.2.2.1. Mineralogy 
 
Mineral proportions were measured in selected samples by X-ray diffraction at the 
Natural History Museum, London, with the help and under the supervision of Dr. Jens 
Najorka (department of Mineralogy). The dust samples were ground in an agate mortar 
and loaded into a circular well mount (5 or 15 mm diameter, 1 mm depth). X-ray 
powder diffraction data were collected using an Enraf-Nonius PDS120 diffractometer 
equipped with a primary Germanium (111) monochromator and an INEL 120º curved 
position sensitive detector (PSD). Operating conditions for the Cu source were 40 kV 
and 35 mA. The horizontal slit after the monochromator was set to 0.24 mm to confine 
the incident beam to pure Cu Ka1 radiation. Depending on the size of the sample 
holder, the vertical slit was set to 1.5 (for the 5 mm well mount) or 4 mm (for the 15 
mm well mount). The samples were measured in flat-plate asymmetric reflection 
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geometry with a constant tilting angle between incident beam and sample surface of 
3.5º. The sample was rotated during the measurements to improve particle counting 
statistics. The angular linearity of the PSD was calibrated using the external standards 
silver behenate and silicon (NIST SRM 640).  
The whole-pattern stripping method described in Cressey and Schofield (1996) was 
used to derive the phase proportions. This quantification method has been successfully 
applied for various geological materials including dusts (LeBlond and Cressey, 2009), 
clay-bearing samples (Batchelder and Cressey, 1998), strongly deformed rocks 
(Schofield et al., 2002) and meteorites (Howard et al., 2009).  
The quantification of the mineral phases required external mineral standards of all 
identified minerals in the dust samples and appropriate standards were selected from 
reference materials of the mineral collection at the Natural History Museum, London 
and analyzed under identical run conditions as the samples. The proportion of each 
mineral was derived from fitting the scaling factor of the standard patterns to match 
corresponding peak intensities in the sample pattern. The fitted pattern of each 
identified standard was sequentially subtracted from that of the sample. Residual 
sample background levels close to zero indicated that all phases were correctly matched 
and stripped out. A mineral dependent absorption correction of the scaling factor 
yielded finally the weight percentages of each mineral in the samples. In some cases, 
the sum of the identified phases did not reach 100 wt% and no unassigned peaks were 
observed in the residual sample pattern. This could arise from the presence of an 
amorphous component in the sample or from errors in the pattern deconvolution. To 
assess quantification errors, best-fit scale factors were varied to some extent while 
inspecting the influence on the residual background. The derived estimated relative 
error for the mineral assemblages was 5 wt% for phase proportions > 10 wt% and 10 
wt% for phase proportions < 10 wt%.   
 
4.2.2.2. Sample digestion 
 
In the previous chapter, a digestion method was selected, which provided precise 
and accurate results for the measurement of major elements and selected trace elements 
(including the REE) in dust samples. The Asian dust source samples described above 
were digested according to this method. All work was undertaken under clean 
laboratory conditions (class 1000 laboratory, class 10 laminar hoods) with protective 
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clothing and footwear. Acids used were of grade supra-pure or purified by sub-boiling 
distillation. Before use, all labware was cleaned in turn with 10% v/v 8M HCl, 10% v/v 
15.6M HNO3 and ultrapure (Milli-Q) H2O on a hot plate at 120ºC for 24 hrs each. 
One hundred mg aliquots of the desert surface samples were digested on a hot plate 
for 48 hrs in a mixture of 2 ml HF and 0.5 ml HNO3 in 14.7 ml screw top Savillex 
PTFE vessels with daily ultrasonic treatment (Yu et al., 2001). Samples were then 
evaporated to dryness and re-dissolved twice in 1 ml 15.6M HNO3 to dissolve any 
residual solids.  
 
4.2.2.3. Elemental analysis 
 
Major element concentrations were measured by ICP-AES (Varian Vista-Pro Axial) 
at the Natural History Museum, London. Trace and rare earth element concentrations 
were measured by quadrupole-inductively-coupled plasma mass spectrometry (Q-ICP-
MS) using a Varian ICP-MS. Detection limits (LoD) for all elements were calculated 
after each run based on the signal intensity and standard deviation measurements of the 
calibration blank relative to a calibration standard according to the relationship: 
.)( n
ii
C
LoD
blankstd
std


 
where Cstd is the concentration of a calibration standard, istd and iblank the signal intensity 
of the same standard and of the calibration blank respectively, σ is the standard 
deviation of the calibration blank and n is assigned a value of 6. Detection limits were 
at or below the pg ml
-1
 level. Procedural blank solutions were prepared with similar 
acid mixtures and under identical experimental conditions as the dust source samples 
and were measured with each batch of samples. Analyte concentrations in the blank 
solutions never exceeded the level of the detection limit. 
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4.3. Results and discussion 
 
4.3.1. Geochemical and mineralogical characteristics of Asian dust sources 
 
4.3.1.1. Mineralogy 
 
The mineral compositions of the < 4 μm fraction of selected Chinese desert sands, 
loess samples from the loess plateau, dune sands from the Thar desert and Tibetan soils 
are given in Table 4.1. The fine fraction of the Chinese sands displays very high 
percentages of micas and clay minerals, with on average > 50% illite/smectite and 10-
20% muscovite. Chlorite and calcite contents are variable (1-14% and 8-22% 
respectively) and quartz and feldspars are present in very low amounts (<6%). The 
mineralogy is likely a reflection of the grain size of the samples as weathering resistant 
quartz and feldspars tend to be concentrated in the coarse fractions in dust deposits 
while the fine fractions are enriched in micas and clays through the effect of mineral 
sorting during transport (Pye, 1987). The results are in agreement with previous studies 
of Asian dust, which suggest that clay minerals such as illite, smectite and chlorite are 
enriched and quartz and feldspars depleted in the < 5 μm fraction of aerosols collected 
above the Asian source regions (Kanayama et al., 2005) or in the < 2 μm fraction of 
Asian dust deposited in Greenland (Svensson et al., 2000). Comparing the deserts to 
one another, the Tengger desert is enriched in clay minerals, muscovite and chlorite 
relative to the neighbouring Badain Jaran desert. The two samples from the north and 
south Taklamakan desert display small heterogeneities in clay minerals (48-54%), 
muscovite (11-19%), chlorite (2-14%) and calcite (13-22%) contents. This desert also 
includes the highest observed calcite concentrations, in agreement with previous studies 
(Zhang et al., 2003b; Honda et al., 2004). 
The loess samples are typically dominated by micas and clays (45-46%), followed 
by quartz (20%), calcite (14%) and feldspars (5-8%) and minor amounts of chlorite 
(5%) and mafic minerals (3%). Quartz and feldspar concentrations are lower than 
typical loess, which commonly displays 50-70% quartz and 15-30% feldspar with 
variable quantities of micas (Xiao et al., 1995; Gallet et al., 1996; Honda et al., 2004). 
However, quartz and feldspar concentrations are known to decrease and micas/clays 
increase with decreasing size fraction in loess deposits (Eden et al., 1994; Gallet et al.,  
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Table 4.1. Mineral composition (%) of the Asian dust sources studied here: the Taklamakan desert of 
northwestern China (TK-074, TK-103), the Tengger (TG-018) and Badain Jaran deserts (BJ-024) and 
loess from the Chinese loess plateau (CLS-25, CLS-27) of northern China, the Thar desert of India 
(TDSD-2, TDSD-3) and soils from the eastern Qinghai-Tibetan Plateau (R1, R15-2). 
Region 
 
Sample Size 
(µm) 
Qu. Ill/ 
Smec. 
Alb. Musc. Chlor. Calc. Dolo. Actin. 
Northwestern TK-074 <4 3 54 1 11 2 22.3 - - 
China TK-103 <4 4 48 1 19 14 13 - - 
Northern TG-018 <4 3 55 1 22 10 9 - - 
China BJ-024 <4 6 51 1 12 1 20 - - 
 CLS-25 Bulk 20 33 5 13 5 14 - 3 
 CLS-27 Bulk 19 34 8 11 5 14 - 3 
India TDSD-2 Bulk 30 20 9 8 3 10 8 10 
 TDSD-3 Bulk 33 20 10 8 5 6 <1 8 
Tibetan  R-1 Bulk 23 45 7 10 5 - - - 
Plateau R-15-2 Bulk 19 55 10 9 7 - - - 
Qu. Quartz 
Ill/Smect. Illite/Smectite 
Alb. Albite 
Musc. Muscovite 
Calc. Calcite 
Dolo. Dolomite 
Actin. Actinolite 
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1996; Yang et al., 2006), suggesting that the loess samples analyzed in this work may 
have undergone further chemical weathering and/or mineral sorting after deposition. 
The clay mineralogy reported in the nearby Xifeng section shows similar mineral 
assemblages, with illite as the most abundant clay mineral followed by lower 
proportions of chlorite (Jahn et al., 2001). 
The soils from the Tibetan Plateau are dominated by illite/smectite (approximately 
50%), and quartz (19-23%) (Table 4.1). Muscovite, chlorite and feldspars are also 
present in relatively equal but lower proportions. Two Tibetan soil samples from the 
central and northern plateau measured by Chang et al. (2000) displayed large variations 
in quartz (26 and 53% respectively), feldspar (9 and 19%) and calcite (43 and 0%) 
contents. According to the present results, calcite is not present in soils from the eastern 
plateau, in agreement with the northern sample, while quartz and feldspar proportions 
agree with those from the central soils (Chang et al., 2000). This suggests that Tibetan 
dust may display variable mineral assemblages, which may affect the REE and trace 
element compositions. 
 The two dune sands from the Thar desert show consistent mineral proportions, 
dominated by quartz (30%) and illite/smectite (20%), with lower amounts of feldspar 
(10%), actinolite (8-10%) and chlorite (3-5%). Calcite and dolomite proportions are 
variable (6-10 and <1-8% respectively) (Table 4.1). The presence of actinolite suggests 
that the Indian desert may be characterized by different heavy mineral assemblages to 
the Chinese and Tibetan sources. Amphiboles such as actinolite and other heavy 
minerals can be important REE hosts (Yang et al., 2007a), suggesting that this desert 
may also display different geochemical characteristics. Clay minerals also have the 
potential to be major REE carriers (Condie, 1991) and their varying proportions in all 
source deposits described here may lead to distinctive REE concentrations.  
 
4.3.1.2. Major elements 
 
Major element abundances of all bulk and size-separated samples are given in Table 
4.2. Upper continental crust- (UCC: Taylor and McLennan, 1985) normalized plots are 
shown in Figure 4.2, along with published bulk and size separated data when available 
for comparison. The  > 63 μm fraction of the Chinese deserts (this study) and 
corresponding published bulk samples measured in the Taklamakan and Tengger 
deserts (Honda et al., 2004) and coarse sands from different locations in the northern   
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Table 4.2. Major element composition of the Asian dust sources. Concentrations of major oxides are 
given in weight %. 
Region 
 
Sample Size 
(µm) 
Al2O3 CaO Fe2O3 K2O MgO MnO Na2O P2O5 TiO2 
North-  TK-074 <4 17.33 11.44 7.69 3.53 5.02 0.111 0.720 0.096 0.574 
western  16-32 10.24 18.81 3.36 2.04 2.69 0.083 1.52 0.107 0.554 
China  >63 5.87 28.21 1.39 1.49 1.45 0.056 1.17 0.059 0.250 
            
 TK-103 <4 15.77 8.71 7.61 2.7 4.8 0.108 0.710 0.107 0.580 
  16-32 10.88 13.99 3.34 1.91 2.89 0.079 1.89 0.148 0.638 
  >63 11.14 7.26 2.98 2.42 2.09 0.056 1.91 0.047 0.374 
            
 QD-009 <4 17.51 13.28 7.46 3.52 5.1 0.139 0.714 0.141 0.626 
  16-32 10.98 12.52 3.74 1.97 3.26 0.081 1.78 0.138 0.728 
  >63 8.04 14.64 3.04 1.87 4.08 0.068 1.57 0.059 0.608 
            
Northern TG-018 <4 17.28 9.17 7.29 3.28 6.8 0.143 0.514 0.164 0.491 
China  16-32 12.23 8.76 3.86 2.16 3.14 0.073 1.67 0.118 0.646 
  >63 9.88 3.3 2.06 2.06 1.45 0.038 1.82 0.041 0.344 
 BJ-024 <4 17.42 11.34 7.18 3.19 5.00 0.176 0.589 0.144 0.555 
  16-32 11.92 11.64 4.07 1.99 3.41 0.078 1.58 0.118 0.699 
  >63 10.16 2.72 2.32 2.1 1.61 0.043 1.95 0.037 0.693 
            
India TDSD-1 Bulk 10.34 3.13 2.82 1.64 1.03 0.061 1.80 0.061 0.537 
 TDSD-2 Bulk 10.14 5.84 3.28 1.88 1.27 0.060 1.90 0.083 0.581 
 TDSD-3 Bulk 10.03 4.33 2.98 1.81 1.17 0.056 2.03 0.072 0.546 
            
Tibetan  R-1 Bulk 13.99 1.13 4.99 2.4 1.4 0.104 1.49 0.182 0.683 
Plateau R-3 Bulk 15.35 1.08 5.14 2.56 1.48 0.079 1.79 0.114 0.725 
 R4-1 Bulk 14.63 0.966 4.83 2.36 1.45 0.088 1.34 0.104 0.624 
 R-9-2 Bulk 15.38 1.08 5.14 2.86 1.77 0.102 1.5 0.110 0.695 
 R-10 Bulk 13.98 1.11 4.74 2.47 1.43 0.104 1.28 0.210 0.662 
 R-15-1 Bulk 15.02 1.18 5.29 2.38 1.54 0.110 1.47 0.145 0.724 
 R-15-2 Bulk 14.77 1.23 5.23 2.4 1.53 0.111 1.36 0.181 0.703 
 R-15-3 Bulk 13.67 1.1 4.89 2.16 1.34 0.098 1.4 0.224 0.673 
 R-18-1 Bulk 14.56 1.08 5.08 2.42 1.49 0.094 1.38 0.209 0.694 
 R-18-4 Bulk 14.95 0.928 2.72 2.38 1.31 0.028 1.73 0.069 0.723 
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and southern Taklamakan desert (Figs. 4.2A, 4.2C, Yang et al., 2007b) are nearly 
identical with respect to major element characteristics. This suggests that the > 63 μm 
fraction of the samples can be directly compared to bulk samples from other deserts to 
assess geographical differences in major element composition.  
The most notable feature of the bulk and > 63 μm fraction of the Asian dust sources 
presented here is the large variation in CaO content. CaO is enriched relative to UCC in 
the Taklamakan desert and Qaidam basin sands, depleted in the Tengger and Badain 
Jaran deserts as well as the Tibetan soils and is similar to UCC in the Thar desert (Fig. 
4.2). The Taklamakan desert displays on average higher CaO than the Qaidam basin 
and Badain Jaran, Tengger and Thar deserts (this study, Honda et al., 2004) as well as 
other deserts in northern China (Honda et al., 2004). Amongst the samples for which 
mineralogical data was obtained (Table 4.1), the highest calcite content (sample TK-
074) matches the highest CaO concentration (Table 4.2), suggesting that the CaO 
concentrations may be primarily a result of variations in carbonate content, at least in 
the < 4 μm fraction. 
Al2O3, Fe2O3, MnO, Na2O, K2O and P2O5 are depleted relative to UCC in the > 63 
μm fraction of all the Asian deserts (Fig. 4.2), in agreement with the results of surface 
sands (Honda et al., 2004; Yang et al., 2007b) and bulk suspended aerosols collected 
above and downwind from the dust sources (Kanayama et al., 2005). The northern 
Taklamakan desert displays the lowest Al2O3, Fe2O3, K2O and MgO concentrations 
(Table 4.2, sample TK-074) and the southern Taklamakan sample the highest Al2O3 and 
K2O (TK-103), possibly reflecting regional variations in quartz and/or phyllosilicate 
(chlorite, muscovite) and clay content. On average, the Taklamakan desert displays 
similar characteristics for these elements to the other deserts and published values (Fig. 
4.2).  
The Qaidam basin presents higher MgO contents than the other Asian deserts and 
Tibetan soils, suggesting the presence of higher Mg-bearing mineral phases in this 
desert. Higher MgO in loess deposits relative to desert sands was observed by Honda et 
al. (2004). The Qaidam basin and Badain Jaran and Thar deserts are also enriched in 
TiO2 relative to UCC, whereas the Taklamakan and Tengger deserts are depleted in this 
element. This suggests that these two deposits may contain lower amounts of Ti-bearing 
mineral phases such as rutile. The Tibetan soils are characterized by enrichment factors 
(EF) ~ 1 for Al2O3, Fe2O3 and MnO, higher than the Chinese and Indian deserts, and 
depleted relative to UCC but generally higher contents of K2O and MgO than these   
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Fig. 4.2. UCC-normalized major element composition of the Asian dust sources considered (UCC: 
Taylor and McLennan, 1985): (A) Taklamakan desert; (B) Qaidam basin; (C) Tengger desert; (D) Badain 
Jaran desert; (E) Thar desert; and (F) soils from the eastern Tibetan Plateau. Results for the Chinese 
deserts are given for the < 4 μm (open circle), 16 – 32 μm (open diamond) and > 63 μm (open square) 
size fractions. Published data of bulk and size-separated samples from the Taklamakan desert surface 
sands (Yang et al., 2007b; Honda et al., 2004), Tengger desert surface sands (Honda et al. 2004) and 
suspended aerosols (< 5 μm and Total Suspended Particulates, TSP) downwind from the Taklamakan and 
Tengger deserts (Kanayama et al., 2005) are shown for comparison. 
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deposits as well. This difference between the soils and desert samples seem directly 
related to the mineralogical composition of the samples, as the soils contain higher 
amounts of clays and micas, enriched in Al2O3, Fe2O3 and MgO (~55-64% versus 
28%), and lower amounts of quartz (~19-23% versus ~30-33 %) than the Thar desert 
(this study) and bulk samples from the Taklamakan and Tengger deserts (Honda et al., 
2004).  
The effect of particle size on the major element composition was studied in the 
three size fractions measured in the Chinese deserts (Figs. 4.2A-D). While the coarse 
fraction (> 63 μm) is depleted in most elements relative to UCC, the fine fraction (< 4 
μm) is enriched in Al2O3, CaO, Fe2O3, MgO and MnO. Similar enrichment in the finer 
fraction was observed in loess-paleosol and loess-Red clay sequences from the 
Chineseloess plateau (Xiong et al., 2010; Yang et al., 2006), in the Taklamakan desert 
itself (Yang et al., 2007b) as well as in suspended Asian aerosols at stations downwind 
from the Taklamakan and Tengger deserts (Figs. 4.2A, 4.2C, Kanayama et al., 2005) 
and recovered from an ice core in Canada (Zdanowicz et al., 2006). This enrichment 
likely results from particle size/sorting control on mineralogy, as the fine fraction of the 
desert samples displayed large proportions of clay minerals, which are enriched in 
major elements such as Al2O3 and K2O (illite) and Al2O3, MgO and Fe2O3 (chlorite), 
and very low proportions of quartz, which has a diluting effect on these elements when 
present in large quantities. On a plot of MgO vs. Fe2O3 (Fig. 4.3), all size fractions of 
the Chinese deserts display a strong linear relationship (r
2
 = 0.96, n = 13), suggesting 
that both oxides are hosted in similar mineral assemblages in all deserts and size 
fractions.  The higher proportion of both elements in the fine fraction likely reflects the 
enrichment of these mineral assemblages. Only the coarse fraction of the Qaidam basin 
and the fine fraction of the Tengger desert do not plot on this trend, displaying higher 
MgO contents relative to Fe2O3 and suggesting slightly different mineral controls on 
these two elements in those samples. The Tibetan soils plot along a different trend line 
and display a lower correlation (r
2
 = 0.31, n = 10), suggesting that the mineral controls 
on both elements are different to those in the Chinese deserts. 
Na2O is higher in the coarse fraction than in the fine fraction of the desert sands 
(Table 4.2, Fig. 4.2) (this study, Yang et al., 2007b), loess sequences (Yang et al., 2006; 
Xiong et al., 2010) and suspended aerosols (Kanayama et al., 2005). This difference 
may once more be linked primarily to the effect of particle size sorting during 
weathering, as weathering-resistant feldspars such as albite are enriched in Na2O and 
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Fig. 4.3. Plot of MgO concentration versus Fe2O3 concentration in the < 4 μm (open circle), 16 – 32 
μm (open diamond) and > 63 μm (open square) size fractions of the Chinese deserts, in the eastern 
Tibetan soils (full circles) and in the surface sands from the Thar desert (grey triangles). Oxide 
concentrations are given in weight %. The r-squared values of the relationships are given. 
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concentrations of this mineral decrease with decreasing particle size. Albite contents 
were indeed extremely low (<2%) in the < 4 μm fraction of Chinese deserts.  
P2O5 displays relatively little variation in the < 4 μm  and 16-32 μm samples as 
well as in the < 53 μm fraction reported by Yang et al. (2007b). P2O5 concentrations in 
the > 63 μm fraction of the samples analyzed in this work and the > 250 μm fraction 
measured by Yang et al. (2007b) are lower. This suggests that the mineral assemblages 
controlling the presence of P2O5 in the smaller size fractions (possibly apatite) may be 
relatively independent of mineral sorting during transport. As apatite is a potential 
carrier of REE in Chinese loess (Gallet et al., 1996) and has been observed in minor 
amounts in the Taklamakan desert (Honda et al., 2004), this feature may have 
implications for REE provenance tracing in Asian dust.  
It is worth noting that whereas the Taklamakan desert sands display large 
compositional variations in the coarse fraction (Table 4.2), the major elements are very 
similar in the fine < 4 μm fraction of the two samples. This suggests a relative 
homogeneity and good mixing of the surface sands in this fine fraction, a conclusion 
also reached by Yang et al. (2007b). Furthermore, the similarity between the < 5 μm 
fraction of the suspended aerosols and the corresponding < 4 μm size fraction at the 
desert surface for the major oxides Fe2O3, Na2O and K2O (Figs. 4.2A, 4.2C) suggests 
that the latter can be used as a proxy for emitted dust. 
In order to compare the major element composition and weathering patterns in the 
silicate fraction, CaO* is calculated on a carbonate-free basis and samples are plotted as 
molar proportions in a ternary Al2O3, CaO*+Na2O, K2O (A-CN-K) diagram (Fig. 4.4) 
(Nesbitt and Young, 1996; Nesbitt et al., 1996). CaO* is calculated by estimating the 
Ca:Na ratios of the different samples based on that of the upper continental crust 
(Taylor and McLennan, 1985), where   (Nesbitt 
and Young, 1982; Honda and Shimizu, 1998; Honda et al., 2004). The Asian desert 
samples measured in this study as well as published data plot on a line parallel to 
Nesbitt’s chemical weathering trend (Nesbitt et al., 1996). As expected, the fine (< 4 
μm) fraction of the Chinese desert sands plots on the high Al2O3 end of the trend, 
indicating a higher clay mineral content. Bulk samples from the Thar desert (this study) 
and the Taklamakan desert (Honda et al., 2004; Yang et al., 2007b)  plot on the other 
end of the trend. The increasing Al2O3 component with decreasing grain size is likely to 
be linked to sediment sorting during size fractionation, with quartz dilution effects in 
the bulk fractions and clay minerals dominating the fine weathering residues. Similar  
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Fig. 4.4. A-CN-K diagram showing the relative molar proportions of Al2O3, CaO* + Na2O and K2O in 
the silicate fraction of the Asian dust sources considered. CaO* is calculated on a carbonate-free basis 
following the relationship  given by Nesbitt and Young (1982). 
Shown from this study are the 4 μm (open circle), 16 – 32 μm (open diamond) and > 63 μm (open square) 
size fractions of the Chinese desert sands, bulk sands from the Thar desert (open triangles) and eastern 
Tibetan soils (grey diamonds). Published data from Tibetan soils (grey triangles, Chang et al., 2000; grey 
squares, Hattori et al., 2003), Asian aerosols (grey crosses, Kanayama et al., 2005; black crosses, 
Zdanowicz et al., 2006) and surface sands from the Taklamakan desert (TK, white, grey and black 
domains: Chang et al., 2000; Honda et al., 2004; Liu et al., 1993; Yang et al., 2007b) are shown for 
comparison. 
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features were observed between coarser loess-paleosol and finer Red clay samples of 
the Baishui sequence by Xiong et al. (2010). Fine long-range transported Asian dust 
aerosols are expected to plot towards the high Al2O3 end trend, along with the < 4 μm 
samples. Indeed, Asian aerosols with a modal grain size of 4 μm and some particles 
with diameters > 10 μm measured in a core in Canada (Zdanowicz et al., 2006) plot 
between the < 4 μm and 16-32 μm fractions of the desert (Fig. 4.4). Despite the large 
CaO variability observed (Table 4.2), it is noted that the different size classes of the 
Chinese desert samples all plot in narrow ranges in the A-CN-K dagram. Since CaO* is 
calculated on a carbonate-free basis, the narrow spread of values of the CaO*-Na2O 
fraction agrees with the idea that the large CaO variability observed in Table 4.2 results 
mainly from a variation in carbonate content.  
 
4.3.1.3. REE characteristics of the Asian dust sources 
 
The REE and Y concentrations of bulk samples from the different Asian dust 
sources are presented in Table 4.3. Total REE abundances vary between 126-130 μg g-1 
in the Taklamakan desert and are contained within the range of published data (55-284 
μg g-1, Chang et al., 2000; Honda et al., 2004; Yang et al., 2007b). Abundances are 
slightly higher in the Qaidam basin and Badain Jaran and Tengger deserts, with total 
concentrations of 136-149 μg g-1. Budgets are also high in the Thar desert sands (160-
208 μg g-1) and eastern Tibetan Plateau soils (145-188 μg g-1) and variable in the 
Chinese loess plateau (88-161 μg g-1). The latter values agree remarkably well with 
published loess-paleosol samples measured along an east-west transect across the 
plateau (99-170 μg g-1, Jahn et al., 2001), while published data of soils from the 
northern and central Tibetan Plateau display slightly lower abundances than the present 
data further east (91-131 μg g-1, Chang et al., 2000). Yttrium abundances vary between 
22 and 25 μg g-1 in the Chinese deserts, 16-25 μg g-1 in the loess section, 17-21 μg g-1 in 
the Thar desert and 20-34 μg g-1 in the Tibetan soils. 
In order to compare the REE patterns of all Asian dust sources and discuss features 
which may allow the distinction between particular deposits, REE concentrations were 
normalized to post Archean Australian shale (PAAS: Taylor and McLennan, 1985) 
(Fig. 4.5). Chondrite values are frequently used as normalizing values in REE-based 
provenance tracing studies (e.g. Gallet et al., 1996; Pease and Tchakerian, 2002; Yang 
et al., 2007a, 2007b; Wu et al., 2009b) but the resulting patterns of Asian sources are 
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often found to present identical characteristics, with (La/Yb)CH ~ 10 and notably 
(Eu/Eu*)CH ~ 0.65 (Ding et al., 2001; Jahn et al., 2001; Zdanowicz et al., 2006; Wu et 
al., 2009a). Shale-normalized patterns have been used in several dust provenance 
studies (Kylander et al., 2007; Zhang et al., 2009) and they were chosen over chondritic 
normalizations to investigate subtle differences in the crustal sources studied. 
All dust sources display enrichment in middle REE relative to PAAS, with varying 
degrees of depletion in light- and heavy REE (Fig. 4.5). The Chinese deserts all display 
consistent patterns, with a positive LREE slope ([La/Gd]PAAS = 0.66-0.72), a negative 
HREE slope ([Gd/Yb]PAAS = 1.26-1.35) and a very slightly negative europium anomaly  
([Eu/Eu*]PAAS =  = 0.95-1.00). These features are also very 
similar to those of the Tibetan soils ([La/Gd]PAAS = 0.60-0.80, [Gd/Yb]PAAS = 1.28-1.57 
and [Eu/Eu*]PAAS = 0.94-0.99) although they present more variability in total REE 
budgets. These observations suggest that REE systematics alone may not be sufficient 
to distinguish between the Chinese deserts and Tibetan soils presented here. A 
combination of REE and Y, however, allows  the distinction between these sources, 
with [Y/La]PAAS = 30.7-35.6 and 25.2-29.2 in the Chinese deserts and Tibetan soils 
respectively, excluding one sample displaying [Y/La]PAAS = 34.0. Loess, paleosol and 
red clay samples are characterized by similar patterns to the Chinese deserts, with a 
positive LREE/MREE slope ([La/Gd]PAAS = 0.76-0.79) and slightly negative 
MREE/HREE slope  ([Gd/Yb]PAAS = 1.18-1.39), but they are distinguished by more 
negative europium anomalies ([Eu/Eu*]PAAS = 0.91-0.95). The Thar desert samples 
display the most distinctive REE patterns, with flatter LREE/MREE slopes 
([La/Gd]PAAS = 0.77-0.91), steeply negative HREE slope ([Gd/Yb]PAAS = 1.52-1.91) and 
the largest negative europium anomaly ([Eu/Eu*]PAAS = 0.84-0.87). 
  
1
0
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Table 4.3. Rare earth element, Sc, Y and Th composition of bulk samples from the different Asian dust sources (µg g
-1
). Results for the certified reference material USGS G-2 
Granite are also shown. Precision is given as the Relative Standard Deviation (RSD) at the 2σ-level (n = 12). Certified values from Govindaraju (1984) and results from high-
precision measurements by Dulski et al. (2001) are given for comparison. Recommended values are presented in italics.  
Source area Sample La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu ∑REE Sc Y Th 
Northwestern China                   
Taklamakan  TK-074 26.0 54.0 6.26 23.5 4.69 0.935 4.38 0.664 3.73 0.755 2.21 0.320 2.11 0.324 130 - 21.7 - 
 TK-103 24.7 50.5 6.16 23.4 4.85 0.979 4.60 0.709 4.00 0.807 2.32 0.334 2.18 0.330 126 - 23.1 - 
Qaidam basin QD-009 29.3 59.4 7.21 27.2 5.46 1.07 5.11 0.780 4.38 0.879 2.53 0.362 2.35 0.358 146 - 25.0 - 
Northern China                   
Tengger  TG-018 27.0 55.5 6.69 25.2 5.07 1.02 4.72 0.720 4.05 0.820 2.39 0.343 2.25 0.343 136 - 22.9 - 
Badain Jaran  BJ-024 30.0 60.3 7.32 27.9 5.52 1.13 5.14 0.772 4.26 0.852 2.46 0.352 2.30 0.350 149 - 24.0 - 
Loess CLS-25 21.2 49.8 5.05 18.9 3.70 0.678 3.33 0.496 2.96 0.592 1.67 0.247 1.61 0.240 111 7.74 16.9 7.99 
 CLS-27 30.3 60.7 7.23 26.8 5.27 0.971 4.72 0.681 3.98 0.794 2.23 0.328 2.14 0.326 146 13.1 23.6 11.0 
Paleosol CLS-29 33.0 67.0 7.98 30.1 5.79 1.05 5.12 0.733 4.24 0.820 2.36 0.340 2.23 0.342 161 13.6 24.6 12.2 
Red clay CLS-20 18.4 35.7 4.30 16.0 3.19 0.620 2.96 0.447 2.68 0.543 1.58 0.232 1.51 0.227 88 9.08 16.1 5.83 
 CLS-90 30.4 62.0 7.40 27.5 5.34 0.990 4.77 0.685 4.04 0.807 2.28 0.342 2.21 0.334 149 14.1 23.6 11.9 
Tibetan Plateau R-1 34.0 69.3 8.26 31.0 6.12 1.17 5.47 0.800 4.29 0.840 2.41 0.343 2.26 0.341 167 12.1 22.9 13.0 
 R-3 36.6 74.7 9.10 34.6 6.99 1.37 6.38 0.953 5.20 1.03 2.92 0.429 2.74 0.419 183 13.1 27.4 14.0 
 R4-1 37.7 67.5 9.44 37.4 7.93 1.63 7.71 1.13 6.05 1.18 3.31 0.458 2.97 0.452 185 13.7 33.6 13.0 
 R-9-2 34.7 70.6 8.50 32.4 6.42 1.29 5.94 0.893 4.88 0.968 2.80 0.402 2.61 0.398 173 13.6 26.2 13.3 
 R-10 29.5 62.6 7.22 26.8 5.25 1.03 4.69 0.706 3.90 0.781 2.25 0.326 2.13 0.324 148 12.4 20.6 12.5 
 R-15-1 33.0 69.0 8.01 29.7 5.80 1.11 5.13 0.769 4.18 0.820 2.38 0.342 2.26 0.339 163 13.2 21.8 13.8 
 R-15-2 31.6 66.0 7.63 28.4 5.49 1.06 4.90 0.745 4.10 0.819 2.38 0.345 2.23 0.339 156 12.7 21.3 13.7 
 R-15-3 31.5 63.6 7.72 29.1 5.75 1.10 5.25 0.784 4.33 0.855 2.48 0.354 2.30 0.350 155 11.7 22.4 12.8 
 R-18-1 29.6 60.7 7.16 26.5 5.05 0.967 4.51 0.685 3.80 0.765 2.23 0.328 2.14 0.327 145 12.5 20.1 12.9 
 R-18-4 37.8 73.5 9.48 37.1 7.56 1.53 7.05 1.02 5.49 1.08 3.03 0.426 2.72 0.415 188 13.2 28.9 14.8 
Indian Thar desert TDSD-1 45.2 89.4 10.3 38.4 7.13 1.22 6.05 0.835 4.22 0.797 2.16 0.306 1.92 0.279 208 8.84 20.7 18.5 
 TDSD-2 37.7 76.7 9.20 34.2 6.96 1.15 5.97 0.849 4.66 0.875 2.34 0.331 2.07 0.308 183 7.92 19.0 17.2 
 TDSD-3 34.0 64.1 8.49 31.1 6.17 1.02 5.00 0.723 4.13 0.798 2.18 0.316 1.99 0.291 160 7.78 17.0 13.0 
Reference material                    
This study (n = 12) USGS G-2 84.2 154 15.8 53.3 7.41 1.4 5.54 0.582 2.19 0.359 0.879 0.111 0.679 0.09 - 4.13 9.50 25.7 
RSD (2σ, %)  7.9 6.22 8.08 5.56 6.74 5.85 4 6.09 6.45 7.2 8.13 9.22 9.71 10.87 - 7.99 6.00 4.22 
Govindaraju (1984) USGS G-2 89 160 18 55 7.2 1.4 4.3 0.48 2.4 0.4 0.92 0.18 0.8 0.11 - 3.5 11 24.7 
RSD (2σ, %)  18 13  22 19 17   25    50   0.4 2  
Dulski (2001) USGS G-2 87 158 16.3 51.5 6.8 1.41 4.1 0.49 2.08 0.35 0.88 0.117 0.72 0.12 -  9.4 - 
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Fig. 4.5. Post Archean Australian Shale-normalized REE patterns for bulk samples of the Asian dust 
sources considered: (A) the Chinese deserts; (B) the Chinese loess plateau; (C) the Thar desert; and (D) 
the Tibetan soils (PAAS: Taylor and McLennan, 1985). 
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4.3.2. Particle size considerations for REE-based provenance tracing 
 
Only certain particle sizes can be transported regionally and globally. It is generally 
accepted that particle sizes < 4-16 µm are representative of mineral dust aerosols 
transported on these scales (D. Zhang et al., 2003; Zdanowicz et al., 2006; Sun et al., 
2007) and the correct size fraction in the source region must be analyzed for accurate 
comparisons with the dust archive to be made. The effects of particle size on the REE 
budget of crustal rocks has been the object of a number of studies. Works on Asian 
surface sands have shown that REE concentrations can vary greatly with size fraction 
(Chang et al., 2000; Honda et al., 2004; Yang et al., 2007a, 2007b) but certain 
suspended aerosols collected at stations around the Chinese deserts and loess-paleosol 
samples in the Chinese loess plateau were found to have similar REE characteristics 
irrespective of size fraction (Ding et al., 2001; Kanayama et al., 2005). While REE 
concentrations are found to vary, REE patterns themselves are often shown to be 
independent of particle diameter (Yang et al., 2007a, 2007b). Here, changes in trace and 
REE budgets and patterns as well as REE-based provenance tracers are studied in five 
size classes of the different Chinese deserts and the size fraction likely to best represent 
the geochemistry of aerosols transported to the eastern Tibetan Plateau is investigated.  
  
4.3.2.1. Particle size effects and controls on trace and REE concentrations 
 
Rare earth element, Sc, Y and Th concentrations in all size fractions of the Chinese 
deserts samples are presented in Table 4.4 and UCC- normalized values for all grain 
sizes are shown in Figure 4.6. 
The most striking effect of grain size on the REE composition of the Chinese desert 
samples is the difference between the < 32 and the > 32 μm fractions. While the two 
coarse fractions (32 - 63 and > 63 μm) are generally depleted relative to UCC, the < 32 
μm fractions all display enrichment relative to crustal values, notably of the middle-
REE (Eu-Dy) (Fig. 4.6). Rare earth element concentrations are generally slightly lower 
in the clay fraction (< 4 μm) than in the medium and fine silt fractions (4-32 μm) except 
for the Tengger desert (Fig. 4.6, Table 4.4). Despite having different REE budgets, all 
size fractions, and notably the < 4 μm and 4-16 μm classes, have similar patterns, in 
agreement with published studies (Yang et al., 2007a, 2007b) (Fig. 4.6).  
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Table 4.4. Rare earth  element, Sc, Y and Th concentrations  in the < 4, 4 – 16, 16 – 32, 32 – 63 and > 63 µm size fractions of the Chinese dust sources. Concentrations 
are given in µg g
-1
.  
Source area Sample Size 
(µm) 
La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu Sc Y Th 
Northwestern China                   
Taklamakan  TK-074 <4 26.8 59.0 6.52 24.4 4.80 0.947 4.42 0.661 3.70 0.748 2.23 0.324 2.17 0.335 17.3 21.8 15.6 
desert  4-16 27.6 55.6 6.56 24.5 4.93 0.975 4.59 0.698 3.94 0.796 2.31 0.333 2.18 0.336 - 23.0 - 
  16-32 25.5 50.8 6.31 24.0 4.93 0.986 4.79 0.740 4.16 0.838 2.43 0.349 2.26 0.342 10.0 22.7 9.14 
  32-63 16.7 31.7 3.99 15.2 3.07 0.677 2.94 0.445 2.52 0.507 1.45 0.207 1.34 0.201 - 14.9 - 
  >63 13.6 24.8 3.21 12.1 2.47 0.578 2.46 0.389 2.26 0.461 1.32 0.187 1.19 0.178 4.54 12.9 3.52 
 TK-103 <4 21.3 47.6 5.64 21.5 4.43 0.864 4.14 0.652 3.73 0.773 2.32 0.341 2.29 0.351 16.5 21.6 14.4 
  4-16 30.2 60.4 7.35 27.8 5.67 1.11 5.29 0.790 4.40 0.872 2.47 0.352 2.29 0.342 - 25.2 - 
  16-32 28.3 57.1 7.10 27.2 5.75 1.14 5.61 0.890 5.03 1.02 2.93 0.421 2.72 0.411 10.5 29.1 11.2 
  32-63 18.8 37.1 4.59 17.5 3.59 0.785 3.43 0.529 2.99 0.607 1.74 0.247 1.62 0.246 - 17.6 - 
  >63 12.8 25.5 3.11 11.8 2.41 0.623 2.29 0.352 1.99 0.399 1.17 0.169 1.12 0.168 8.32 11.5 4.99 
Qaidam basin QD-009 <4 32.4 66.6 7.80 29.2 5.72 1.08 5.35 0.807 4.52 0.913 2.64 0.383 2.50 0.383 17.7 26.1 18.5 
  4-16 35.2 70.9 8.55 31.9 6.38 1.20 5.89 0.895 4.99 0.995 2.87 0.406 2.64 0.399 - 28.4 - 
  16-32 34.2 70.0 8.61 32.9 6.68 1.28 6.26 0.961 5.37 1.08 3.09 0.442 2.88 0.441 11.3 30.3 12.1 
  32-63 24.8 49.7 6.18 23.4 4.76 0.953 4.48 0.696 3.99 0.794 2.32 0.337 2.18 0.327 - 22.9 - 
  >63 19.9 39.8 4.97 19.0 3.85 0.845 3.68 0.559 3.17 0.640 1.82 0.258 1.66 0.254 7.61 17.8 5.78 
Northern China                   
Tengger  TG-018 <4 32.3 70.4 7.97 30.2 6.07 1.17 5.56 0.845 4.67 0.944 2.75 0.393 2.61 0.398 17.6 27.6 18.9 
desert  4-16 32.2 65.4 7.94 29.7 5.99 1.16 5.56 0.840 4.71 0.947 2.75 0.391 3.54 0.387 - 27.2 - 
  16-32 29.5 59.6 7.41 28.2 5.71 1.13 5.52 0.858 4.91 1.00 2.90 0.420 2.73 0.418 11.9 26.1 11.0 
  32-63 22.4 44.5 5.52 21.0 4.32 0.917 4.05 0.627 3.67 0.748 2.16 0.316 2.08 0.320 - 20.6 - 
  >63 16.9 33.6 4.19 15.7 3.06 0.684 2.79 0.422 2.35 0.478 1.41 0.203 1.34 0.192 6.96 12.6 6.02 
Badain Jaran  BJ-024 <4 33.7 69.4 8.21 31.1 6.06 1.2 5.55 0.832 4.50 0.905 2.60 0.374 2.45 0.377 18.8 26.2 15.3 
desert  4-16 36.9 73.2 8.92 34.3 6.79 1.34 6.32 0.931 5.12 1.01 2.90 0.408 2.65 0.399 - 28.9 - 
  16-32 31.6 64.3 8.06 30.8 6.30 1.28 6.07 0.936 5.28 1.06 3.07 0.440 2.88 0.439 12.4 28.4 10.9 
  32-63 19.6 38.8 4.79 18.0 3.66 0.821 3.41 0.521 2.98 0.607 1.73 0.252 1.65 0.251 - 16.7 - 
  >63 14.2 27.8 3.11 13.0 2.52 0.643 2.38 0.366 2.10 0.428 1.27 0.190 1.25 0.192 7.14 11.5 5.35 
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  Fig. 4.6. UCC-normalized REE, Sc, Y and Th composition in five size fractions and bulk samples of the 
Chinese deserts (UCC: Taylor and McLennan, 1985): (A) the Taklamakan desert; (B) the Qaidam basin; 
(C) the Tengger desert; and (D) Badain Jaran desert. The size fractions given are the < 4 μm (open 
circle), 4 – 16 μm (dark cirle), 16 – 32 μm (open diamond), 32 – 63 μm (dark square) and > 63 μm (open 
square). Published data for Taklamakan desert surface sands (upper and lower limit of the range of 
published values given by a grey line, Honda et al., 2004), and suspended aerosols downwind from the 
Taklamakan and Tengger deserts (Kanayama et al., 2005) are shown for comparison. 
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The disparity between the < 32 and > 32 μm fractions is also characterized by 
different Y budgets (Fig. 4.6), which are enriched relative to UCC in the < 32 μm size 
class but depleted in the > 32 μm fraction. Given these observations, it seems that the 
mineral hosts of Y and the REE are depleted in the coarser grained fraction. All samples 
irrespective of size display a linear relationship (r
2
 = 0.947, n = 15) on a plot of Y vs. 
∑REE (Fig. 4.7A), suggesting similar mineralogical controls on their concentration in 
all size classes despite different abundances.  
Scandium and Th however show more variation, with a strong enrichment in the < 
4 μm fraction, near crustal values in the 16-32 μm fraction and a depletion in the > 63 
μm samples (Figs. 4.6A-D). The mineral hosts of these two elements seem to be 
predominantly concentrated in the clay fraction. Indeed, the 4 μm fractions plot off the 
linear array formed by the 16-32 and > 63 μm fractions ina  plot of Th and Sc vs. ∑REE 
(r
2
 = 0.814 and 0.949 for Sc and Th respectively, n = 10) (Fig. 4.7B). This suggests that 
the controls on Sc and Th contents are different in the fine fraction to those of the 
medium and coarse fractions. Figures 4.7C and 4.7D shows the correlation between 
total REE budgets and concentrations of P2O5 and TiO2 respectively. While the REE 
show a strong correlation with P2O5 in all fractions (r
2
 = 0.866, n = 15), correlation with 
TiO2 is only observed in the 16-32 μm fraction, where it is remarkably high (r
2
 = 0.984, 
n = 5). This suggests that Ti-bearing phases such as rutile may concentrate REE only in 
the medium silt fraction, while minerals such as apatite are potential important hosts of 
REE in these Chinese deserts, irrespective of size fraction.  
The decrease in REE abundance with increasing grain size has been observed in 
several studies of REE in Asian deserts (Honda et al., 2004; Yang et al., 2007a, 2007b) 
and loess deposits worldwide (Gallet et al., 1998). As proposed previously on the basis 
of mineralogy and major oxides, this difference seems linked to mineral proportions. 
The fine fractions contain little quartz and feldspars, which are depleted in REE (Taylor 
and McLennan, 1985), and abundant clay minerals, which have the potential to be 
major carriers of REE in certain sedimentary rocks (Condie, 1991). Despite their low 
trivalent REE content, feldspars can be important hosts of Eu (Taylor and McLennan, 
1985) and tend to concentrate this element in the coarser fraction. Indeed, the coarse 
and fine particles are characterized by different Eu anomalies (Fig. 4.6), negative in the 
finer < 32 μm fractions and positive in the > 63 μm fraction.  
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Fig. 4.7. Relationships between the concentrations of: (A) ∑REE versus Y; (B) ∑REE versus Sc (black 
open shapes) and versus Th (grey open shapes); (C) ∑REE versus P2O5; and (D) ∑REE versus TiO2 for 
different size fractions of the Chinese desert surface samples:  < 4 μm (open circle), 4 – 16 μm (dark 
cirle), 16 – 32 μm (open diamond), 32 – 63 μm (dark square) and > 63 μm (open square). The r-squared 
values of the relationships are given on each plot. REE, Y, Sc and Th values are given in µg g
-1
, P2O5 and 
TiO2 values are given in weight %. 
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Bulk samples are generally enriched relative to UCC (Figs. 4.6A-D), with REE 
budgets plotting closest and displaying similar patterns to the < 4 μm size class. 
Whereas the major elements in the > 63 μm size class gave a good representation of the 
bulk geochemistry of the desert sands, it seems that the < 4 μm fraction is the best 
representative of the REE composition of bulk samples and that REE budgets are 
controlled by more complex mineral phases which do not show a linear response to 
grain size. Published bulk values collected in the Taklamakan desert by Honda et al. 
(2004) also plot within the finer fractions. Their relatively wide spread of values 
encompasses all the samples with a size range of < 32 μm. Both total suspended 
particulates (TSP) and < 5 μm aerosols collected downwind from the Taklamakan and 
Tengger deserts also plot amidst the < 32 μm samples (Fig. 4.6).  
 
4.3.2.2. Which particle size for the provenance tracing of Asian dust over the eastern 
Tibetan Plateau? 
 
During strong dust storms such as those affecting the deserts of northern and 
northwestern China in spring and the Thar desert in summer, the entire range of particle 
sizes is emitted from the source regions (Marticorena et al., 1997). While the larger 
particles are quickly re-deposited through the effect of gravitational settling 
(Marticorena et al., 1997; Zhang et al., 1997), the finer particles are lifted into the lower  
and upper troposphere and transported regionally and globally (Zhang et al., 1997; Sun 
et al., 2001; Wu et al., 2009b). Before choosing a particular size fraction at the surface 
of the dust sources to be compared with the dust recovered from a climate archive in the 
region of interest, the size of the dust effectively reaching the archive must be measured 
or estimated.  
When meteorological stations exist in the vicinity of the archive study area and 
dust aerosols are directly collected, this question can be easily addressed. 
Unfortunately, such stations are not available in all regions. Notably, dust archives such 
as the Hongyuan peat can be located in remote areas where direct measurements of 
suspended aerosols are not available. The dust particle size reaching such archives must 
thus be estimated. Measuring this directly in the archive is not always straightforward 
as local or proximal dust sources may also be active which will deposit both coarse and 
fine dust and interfere with the long-range signal. Therefore, the likely size of the 
Chapter 4 – Provenance tracing of Asian dust sources 
 
112 
 
deposited aerosols must be assessed based on studies of regionally and long-range 
transported aerosols.  
Asian dust particles to Greenland have diameters between 0.1-5 μm (Biscaye et al., 
1997; Svensson et al., 2000) and those recovered from an ice core in Canada have also 
been shown to exhibit modal diameters of 4 μm, suggesting that the < 4 μm fraction is 
characteristic of long-range transported dust. Even in regions closer to the source areas, 
such as the study of a snow field in Japan, it was found that particles < 4 μm best 
represented the deposited Asian dust (Osada et al., 2004). Particles transported 
regionally may also include larger diameters and Zhang et al. (2003b) found that 
particles < 16 μm made up 70% of the total atmospheric dust loading in Asia. A 
mixture of dust with median grain sizes of 3 μm and 15 μm was also found in Korean 
aerosols (Lee et al., 2010) and particles with mean diameters of 12-13 μm were 
recovered in Beijing after a particularly strong dust storm (Yang et al., 2007a). In this 
view, particle sizes with diameters < 16 μm are likely to best represent dust transported 
regionally over Asia and to the eastern Tibetan Plateau, and the < 4-5 μm (Zdanowicz et 
al., 2006; Chen et al., 2007) or < 16 μm  fractions (Sun et al., 2007) are commonly used 
in provenance tracing studies over Asia and the Pacific Ocean. The < 4 μm fraction of 
the Chinese deserts is chosen to represent long-range transported dust from these 
sources as data from the 4 – 16 μm fraction is not available for all elements. Rare earth 
element patterns for the < 4 and 4 – 16 μm fractions were nearly identical (Fig. 4.6), 
suggesting that REE-based provenance tracers will be similar in both classes. Indeed, 
[La/Gd]PAAS = 0.63-0.74 and 0.70-0.73, [Gd/Yb]PAAS = 1.09-1.37 and 1.27-1.44 and the 
europium anomaly [Eu/Eu*]PAAS = 0.92-0.97 and 0.92-0.97 for the < 4 and 4 – 16 μm 
classes respectively. 
 
4.3.2.3. Particle size effects on dust provenance tracers 
 
For provenance tracing of dust, elemental ratios are useful and more representative 
than individual concentrations in the distinction between aeolian dust sources. They 
omit dilution effects of certain minerals and allow the combination of different trends in 
rare earth and trace element patterns. Figure 4.8 examines the effect of particle size on 
various provenance tracing ratios in the all size fractions of the Chinese desert sands. 
Proxies involving Th or Sc are shown in the > 63, 16-32 and < 4 μm fractions only as 
data for these elements is not available in the other classes. Published data from suspen- 
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Fig. 4.8. Effect of particle size on various trace and REE-based provenance tracers in surface samples 
from: (A) the Taklamakan desert; (B) the Qaidam basin; (C) the Tengger desert; and (D) Badain Jaran 
desert. Values are given for the < 4 μm (open circle), 4 – 16 μm (dark cirle), 16 – 32 μm (open diamond), 
32 – 63 μm (dark square) and > 63 μm (open square) size fractions. Also shown for comparison are the 
small fraction (5 μm) of suspended aerosols downwind from the Taklamakan and Tengger deserts (grey 
triangles, Kanayama et al., 2005). All REE values are normalized to PAAS (PAAS: Taylor and 
McLennan, 1985). 
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ded aerosols is also included where available. Two questions are investigated. First, are 
any provenance tracers independent of grain size? If so, they can be applied to dust 
sources and archives regardless of the size fraction of transported dust. This could be 
useful when size separated data is unavailable in the source regions. Second, are 
provenance tracers measured in the surface sands representative of those measured in 
suspended aerosols above the source regions? If this is the case, the assumption that 
surface sands can be directly compared to the dust particles measured in a climate 
archive is indeed warranted. 
Ratios such as La/Th, Th/∑REE, Y/Yb, Sc/La and Th/Tb are clearly dependent on 
particle size, while others display identical values in all classes of the desert samples 
(Figs. 4.8A-D). Indeed, Y/∑REE, La/Er, La/Gd, Gd/Er, La/Yb, Y/Tb, Y/La and Y/Nd 
show little or no variation between the five size fractions presented. The europium 
anomaly Eu/Eu* only displays very slight enrichments in the coarse fraction relative to 
the medium and fine fraction due to the higher concentration of feldspars discussed 
previously. The ratios Th/Sc and Y/Yb are independent of size fraction for particle sizes 
< 32 μm. Many of these size-independent proxies relate to the shape of the REE-
patterns and show that although REE budgets may vary between different size fractions, 
the REE patterns do not, as suggested based on the UCC-normalized patterns (Fig. 4.6).  
It can therefore be concluded that the PAAS normalized REE-based proxy ratios 
Y/∑REE, La/Er, La/Gd, Gd/Er, La/Yb, Y/Tb, Y/La and Y/Nd and to a certain extent the 
europium anomaly Eu/Eu* are useful size independent provenance tracers which can be 
used to trace the origin of deposited dust to various Asian source regions even when 
only bulk source samples are available. Given that this is the case for the surface 
samples from the Thar desert (Table 4.3), these proxies will be useful in the subsequent 
assessment of dust provenance to the eastern Tibetan Plateau. Furthermore, all proxies 
are identical in both the < 4 μm and 4 – 16 μm fractions, supporting the idea that the < 4 
μm clay fraction, when available, can be taken as representative of both regionally and 
long-range transported dust.  
Comparing the < 4 μm fraction of the surface sands from the Taklamakan and 
Tengger deserts to available data for the < 5 μm fraction of suspended aerosols 
measured downwind from these sources (Figs. 4.8A, 4.8C, Kanayama et al., 2005), It 
can be seen that the fine fraction of the surface sands and the suspended aerosols 
display nearly identical results for all available provenance ratios. Only results for Y/La 
and Y/Nd present small differences between surface samples and aerosols ([Y/La]PAAS 
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= 35 and 27 respectively for the Taklamakan desert and [Y/La]PAAS = 33 and 26 for the 
Tengger desert) but the latter still plot closest to the < 4 μm fraction. It therefore seems 
that all trace and REE-based provenance tracers measured at the surface of the Chinese 
deserts are accurate representations of the suspended aerosols available for transport to 
the eastern Tibetan Plateau and other regions.  
 
4.3.3. Provenance tracing of Asian dust to the eastern Tibetan Plateau 
 
The best provenance tracers for the study of Asian dust transported to the eastern 
Tibetan Plateau are determined here. Specifically, provenance tracers are sought, which 
will allow: (a) the distinction between Chinese vs. Indian dust input, as this will have 
implications for the dominant hemispheric wind currents affecting this region; and (b) 
the distinction between different Chinese dust sources (e.g. northwestern vs. northern 
deserts, Chinese loess plateau), as this will allow the study of regional wind currents 
such as the northerly winter monsoon or the Westerly jet. Any combination of two REE 
and trace element-based elemental ratios has the potential to discriminate between the 
dust sources of interest as long as they display significant enough differences between 
them. Figure 4.9A-H displays the geochemical signature of the various dust sources for 
a number of trace element and REE provenance tracers. The Chinese end-member 
comprises the < 4 μm fraction of the Qaidam basin and the Taklamakan, Badain Jaran 
and Tengger deserts. When choosing two ratios for the distinction of a particular source 
or group of sources, one must ensure that they overlap as little as possible and that their 
geochemical signature is as confined as possible.  
 
4.3.3.1. Provenance tracers for hemispheric dust transport on the Tibetan Plateau: 
Indian vs. Chinese dust 
 
It was shown in section 4.3.2.3 that the proxy ratios Y/∑REE, La/Er, La/Gd, Gd/Er, 
La/Yb, Y/Tb, Y/La, Y/Nd and the europium anomaly Eu/Eu* are useful size 
independent provenance tracers which represent long-range transported dust even when 
bulk samples are used. Given that no size separated samples are available for the Thar 
desert, bulk compositions of all dust sources are compared using these particular ratios. 
Specifically, combinations of proxies are sought, which can successfully distinguish  
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Fig. 4.9. Range of signatures of various trace and REE-based provenance tracers in the < 4 μm of the 
Chinese deserts (n = 5, blue); Tibetan soils (n = 9, grey); Thar desert (n = 3, green) and Chinese loess 
plateau (CLP, n = 5, yellow). Preference is given to provenance tracers which display restricted and non-
overlapping ranges within each source domain. All REE values are normalized to PAAS (PAAS: Taylor 
and McLennan, 1985). Indicative error bars based on repeat digestions of the certified reference material 
USGS G-2 are given at the 1σ-level. 
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Fig. 4.9 (cont’d). 
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Thar desert sands from those of the Chinese sources as well as from the local signature 
of the Tibetan soils.  
All proxies but La/Gd (Fig. 4.9A), La/Th and Th/∑REE (Fig. 4.9F), Th/Tb and 
Sc/Y (Fig. 4.9G) and Y/Yb and Nd/Sm (Fig. 4.9H) allow to distinguish the Indian 
signature. Four bivariate plots using various combinations of the remaining size-
independent proxies are shown (Figs. 4.10A-D). It is seen that the pairs Y/Tb-Eu/Eu*, 
Y/Tb-La/Yb, Y/∑REE- La/Yb and Y/La-Eu/Eu* are successful in distinguishing Thar 
desert dust, which consistently plots away from the various Chinese deposits.  The 
eastern Tibetan soils are clearly separated from the Chinese and Indian sources on all 
plots, suggesting that these geochemical proxies will also allow local dust contributions 
to the Hongyuan peat to be distinguished from the long-range input. Furthermore, 
published values of soils from the central and western Plateau (Chang et al., 2000) plot 
in the vicinity of the eastern soils measured in this study and away from the Chinese 
deserts, suggesting that these combinations of tracers could be extended to the study of 
the entire Tibetan Plateau. The plot of Y/Tb vs. Eu/Eu* (Fig. 4.10A) is particularly 
useful for tracing dust of Tibetan origin.  
The loess samples agree well with published data (Jahn et al., 2001; Yokoo et al., 
2004) and the signature of this Chinese dust source can be further separated from that of 
the different deserts based on combinations of Y/Tb,  Eu/Eu* and La/Yb (Figs. 4.10A, 
4.10B). It seems, therefore, that combinations of Y/Tb-Eu/Eu*, Y/Tb-La/Yb, Y/∑REE- 
La/Yb and Y/La-Eu/Eu* provide useful frameworks for the study of aeolian  transport 
from the Thar desert, the Tibetan Plateau and the Chinese dust sources. The 
combinations of Y/Tb-Eu/Eu* and Y/Tb-La/Yb further allow the distinction of clear 
domains for dust originating from the Chinese loess plateau and the deserts of northern 
and northwestern China.  
 
4.3.3.2. Provenance tracers for regional dust transport: Distinguishing the Chinese 
dust sources 
 
The provenance tracer Y/Tb is very well suited for the study of Asian dust as there 
is little overlap between the different sources and each group presents a fairly restricted 
compositional range (Fig. 4.9D). Y/∑REE is equally well suited although the source 
compositions are not as restricted (Fig. 4.9D). La/Th and Th/∑REE (Fig. 4.9F) allow a 
good discrimination of the Chinese loess plateau and Chinese des erts and Sc/La (Fig.  
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Fig. 4.10. Bivariate plots of: (A) Y/TbN versus (Eu/Eu*)N; (B) Y/TbN versus (La/Yb)N; (C) Y/∑REEN 
versus (La/Yb)N; and (D) Y/LaN versus (Eu/Eu*)N for the bulk surface samples from the Chinese sources 
(Qaidam basin and Taklamakan, Tengger and Badain Jaran deserts, blue diamonds), the Thar desert 
(green diamonds), eastern (this study, grey diamonds) and western and central Tibetan soils (Chang et al., 
2000, black triangles) and samples from the Chinese loess plateau (this study, yellow diamonds; Jahn et 
al., 2001, black circles; and Yokoo et al., 2004, grey circles). The N subscript indicates that values are 
normalized to PAAS (PAAS: Taylor and McLennan, 1985). Indicative error bars based on repeat 
digestions of the certified reference material USGS G-2 are given at the 1σ-level. 
  
Chapter 4 – Provenance tracing of Asian dust sources 
 
120 
 
4.9G) of the latter alone. The Y/Er (Fig. 4.9E) and Th/Sc (Fig. 4.9F) compositions of 
the different sources are not as distinct but each source is relatively well defined. 
Different combinations of these proxies are therefore chosen to establish which 
combinations of provenance tracers are best suited to distinguish between different 
Chinese deserts, the Chinese loess plateau and the local Tibetan soils.  
Figure 4.11A-G displays a series of seven bivariate plots based on these elemental 
proxies. All provenance tracer pairs and especially La/Th-Y/Tb, La/Th-Y/∑REE, 
La/Th-Y/Er and Sc/La-Y/Tb (Figs. 4.11A, 4.11B, 4.11D, 4.11E) suggest that the 
Tibetan soils, the Chinese loess plateau (this study, Gallet et al., 1996; Ding et al., 2001; 
Jahn et al., 2001) and the combined Chinese deserts can be distinguished. Of these 
tracers, La/Th and Sc/La can be used to separate the signature of the Chinese deserts 
from that of the Chinese loess plateau and Y/Tb and Y/∑REE from the Tibetan soils.  
Within the Chinese deserts, the Taklamakan and Tengger deserts and the Qaidam 
basin are indistinguishable based on La/Th, Y/Tb and Y/∑REE (Figs. 4.11A, 4.11B) 
but the proxy Y/Er presents a clearer division (Fig. 4.11D). Despite their overlapping 
characteristics, the signature of these three deserts seems distinct from that of the other 
sources. In all plots but Sc/La-Y/Tb and Sc/La-Y/Er (Figs. 4.11E, 4.11G), the Badain 
Jaran desert plots away from the remaining deposits and the distinction of this desert is 
best made using the proxies La/Th and Th/∑REE. In a plot of Th/Sc vs. Y/Tb (Fig. 
4.11C), Th/Sc allows further separation of the signatures of the Tengger desert and 
Qaidam basin from those of the Taklamakan desert. In this case, however, the loess 
deposits are not as well constrained by this tracer and plot very near the Taklamakan 
domain. In Figures 4.11E and 4.11F, the combination of Sc/La, Y/Tb and Th/∑REE 
allows the clearest distinction between the Chinese deserts. In these figures, and notably 
Figure 4.11F, the Taklamakan desert, the Badain Jaran desert and the combined 
Tengger desert and Qaidam basin plot in separate domains, suggesting that Sc/La and 
Th/∑REE combined may be useful provenance tracers for the distinction between these 
different deserts. The Tibetan soils and loess samples, however, plot on overlapping 
domains in Figure 4.11F. The combination of Sc/La and Y/Er is particularly useful in 
distinguishing dust from the Taklamakan desert, although the remaining Chinese 
deserts all plot in the same area (Fig. 4.11G).  
These seven bivariate plots seem to present distinctions between the Tibetan soils, 
Chinese loess plateau and combined Chinese deserts. Between them they further allow 
the refining and separation of fields from the Taklamakan and Badain Jaran deserts. The  
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  Fig. 4.11. Bivariate plots of: (A) LaN/Th versus Y/TbN; (B) LaN/Th versus Y/∑REEN; (C) Th/Sc versus 
Y/TbN; (D) LaN/Th versus Y/ErN; (E) Sc/LaN versus Y/TbN; (F) Sc/LaN versus Th/∑REEN; and (G) 
Sc/LaN versus Y/ErN showing domains for the < 4 µm fraction of the Taklamakan desert (light blue 
diamonds), Qaidam basin (dark blue diamond), Tengger desert (orange circle) and Badain Jaran desert 
(red circle), the eastern Tibetan soils (grey diamonds) and Chinese loess plateau samples (yellow 
diamonds). Published loess data from Jahn et al., 2001 (black circles), Ding et al., 2001 (white circles) 
and Gallet et al., 1996 (grey circles) is shown for comparison. The N subscript indicates that values are 
normalized to PAAS (PAAS: Taylor and McLennan, 1985). Indicative error bars based on repeat 
digestions of the certified reference material USGS G-2 are given at the 1σ-level. 
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provenance tracers established here will thus prove to be useful for the study of 
provenance tracing to the Hongyuan peat on the eastern Tibetan Plateau, but also to 
other regions where the specific source of Chinese dust is to be investigated. 
 
4.3.4. Further implications for the source of aeolian deposits 
 
Geochemical proxies such as those identified for the different Asian dust sources 
(Figs. 4.10, 4.11) are useful for the tracing of atmospheric dust transported over Asia 
and beyond, but also for the study of the provenance and history of the aeolian deposits 
themselves. For instance, the thick loess-paleosol sequence of central China offers an 
unequalled potential to study aeolian deposition and environmental change in the past 
2.6 My (Liu and Ding, 1998; Xiong et al., 2010), but debate concerning its origin still 
exists (Gallet et al., 1996; Ding et al., 1998, 2001; Jahn et al., 2001). Based on 
similarities in the REE and Sr-Nd isotope characteristics of loess deposits within China 
and worldwide, it is generally accepted that they are sourced from aeolian material 
having undergone multiple phases of sedimentary recycling and mixing (Taylor et al., 
1983; Gallet et al., 1998; Jahn et al., 2001; Honda et al., 2004). Results from the present 
loess and paleosol samples agree well with previously published results in the Chinese 
loess plateau (Ding et al., 2001; Jahn et al., 2001), Argentina (Gallet et al., 1998) and 
loess deposits north of Beijing (Yang et al., 2007a) (Table 4.5), in agreement with the 
idea of a well-mixed source of loess.  
It has also been suggested that a wind-blown source could have been sustained for 
the past ca. 7 My based on the observation that REE (except cerium) are consistent in 
loess and in paleosol layers, as well as in the underlying Red clay deposits (Ding et al., 
2001). The loess, paleosol and Red Clay samples also display consistent REE and trace 
element characteristics (Table 4.3, Fig. 4.11), providing a small amount of additional 
data to support this interpretation, although more samples are needed to confirm this 
hypothesis.  
The source of this aeolian material has also long been debated. Although earlier 
work suggested that the loess deposits could be derived from material in the Tarim 
basin and Taklamakan desert (Liu et al., 1993), more recent studies have proposed that 
they originate from deposits in northern China such as the Badain Jaran and Tengger 
deserts and the Qaidam basin (Chen et al., 2007; Sun et al., 2008). It seems that the data 
presented here would agree with the latter hypothesis based on the location of the loess  
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Table 4.5. Comparison of loess compositions in different regions. 
 (La/Gd)PAAS (Gd/Yb)PAAS (La/Yb)PAAS (Eu/Eu*)PAAS La/Th 
Chinese loess plateau      
      This study 0.78-0.79 1.29-1.35 0.97-1.09 0.91-0.92 2.7-2.8 
      Published
a 
0.65-0.82 1.07-1.45 0.74-1.17 0.94-1.05 2.4-3.7 
      
Beijing loess
b 
0.61-0.88 0.99-2.51 0.68-1.38 - 2.6-5.3 
      
Argentinian loess
c 
0.62-0.75 1.11-1.25 0.69-0.85 0.94-1.05 2.4-3.2 
a
Ding et al., (2001); Jahn et al., (2001) 
b
Yang et al., (2007a) 
c
Gallet et al., (1998) 
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and desert domains in Figure 4.11. Though this interpretation is rather speculative and 
more data from the northern deserts are needed to verify this on the bivariate plots, the 
loess samples plot closer to the Qaidam basin and Badain Jaran and Tengger deserts 
than the Taklamakan end-member in all but Figure 4.11C. On Figure 4.11G notably, the 
proximity between the loess samples and these three desert sources is more visible. 
Certain loess and paleosol samples measured by Ding et al. (2001) along a North-
South transect of the Chinese loess plateau plot away from the remaining loess samples 
and close to the domain of the Tibetan soils (Figs. 4.11A, 4.11B and 4.11E). These 
samples correspond to the loess unit L1-5 and underlying paleosol unit S1 of the 
neighbouring Wupu, Yanchang and Yichuan sections and could suggest that the Tibetan 
Plateau is a possible source of loess material to central China. In an investigation of the 
source of material to the Taklamakan desert, Chang et al. (2000) found that Tibetan 
soils were a possibility based on similarities in their REE characteristics. The data 
presented in this chapter suggests that Tibetan soils could be a potential source for loess 
deposits as well.  
Samples from the Qaidam basin and Tengger deserts consistently plot together in 
all provenance tracing plots (Fig. 4.11). Whereas certain elemental proxies distinguish 
the other Asian sources, these two deposits have remarkably similar REE and trace 
element characteristics, suggesting the possibility of a common source of material for 
these two deserts.  
 
4.4. Conclusions 
 
Surface samples from some of the major Asian dust sources in China and India 
were analyzed for their mineralogical and elemental composition. The goal of this study 
was to provide a geochemical framework of elemental characteristics and provenance 
indicators for the accurate provenance tracing of dust particles from these different 
sources, with a particular emphasis on the determination of proxies for the tracing of 
dust deposited to the Hongyuan peat. The main conclusions are: 
1) Clay minerals, followed by quartz and feldspars, are the main constituents of 
samples from the Chinese loess plateau and soils from the eastern Tibetan 
Plateau. The fine fraction of surface samples from the Chinese deserts is 
dominated by clays and other sheet silicates, with very low contents of quartz 
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and feldspars, reflecting the effect of mineral sorting during size separation. 
Dune sands from the Thar desert display quartz as their primary mineral phase, 
followed by clays and feldspars. Calcite contents are highly variable in all Asian 
dust sources, from below detection limit in the Tibetan soils to over 20% in the 
Taklamakan desert. 
2) The major element composition of coarse and bulk sands from the different 
deserts reflects their mineralogy: they are depleted in Al2O3, Fe2O3, K2O, MnO, 
Na2O and P2O5 relative to UCC and display variable CaO contents. The fine 
fraction of the Chinese deserts is enriched in Al2O3, Fe2O3, MnO, MgO and K2O 
relative to the coarse fraction but depleted in Na2O, likely reflecting the 
enrichment in clay minerals and depletion in Na-bearing feldspars. Although 
regional heterogeneity is found in the coarse fraction of the Taklamakan desert 
sands, the fine fraction is more homogeneous and suggests a good mixing of the 
finer particles at the surface of this desert, in agreement with previous work. 
Analysis of CaO in the silicate fraction shows very little variability, suggesting 
that most of the CaO in the dust sources can be attributed to variations in calcite 
content. CaO concentrations must thus be treated with great care if they are to 
be used as provenance indicators of transported dust. 
3) Rare earth element budgets are similar in all Asian dust sources, varying 
between ~ 90 and 210 μg g-1. Post Archean Australian Shale (PAAS)-
normalized REE patterns of the Thar desert in India are different to those of the 
Chinese and Tibetan sources, with steeper HREE slopes ([Gd/Yb]PAAS = 1.52-
1.91 against 1.18-1.57) and more negative europium anomalies ([Eu/Eu*]PAAS = 
0.84-0.87 against 0.91-1.00), suggesting that the REE are useful provenance 
indicators for dust from the Thar desert. Rare earth element patterns alone 
cannot distinguish between the Chinese deserts, loess or Tibetan soils, 
suggesting that combinations with other trace elements are needed to find source 
specific provenance tracers for these sources. The ratio Y/La is for example 
useful in discriminating between the Chinese deserts and Tibetan soils. Analysis 
of REE and trace element concentrations in different size fractions of the 
Chinese sands shows that the < 32 μm fraction is enriched in REE and Y 
relative to UCC and to the > 32 μm fraction, in agreement with previous studies. 
Despite different REE budgets, UCC- normalized patterns are similar in all size 
fractions, notably in the < 4 μm and 4 – 16 μm classes, and display enrichment 
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in middle-REE. Bulk samples have similar abundances and patterns to the < 4 
μm fraction.  
4) The ratios Y/∑REEPAAS, (La/Er)PAAS, (La/Gd)PAAS, (Gd/Er)PAAS, (La/Yb)PAAS, 
Y/TbPAAS, Y/LaPAAS, Y/NdPAAS and to a certain extent the europium anomaly 
(Eu/Eu*)PAAS are independent of size class and can thus be used for the regional 
or long-range transport of Asian dust even when only bulk samples are available 
in the source region. Th/Sc and Y/YbPAAS are independent of particle size for 
samples < 32 μm. The < 4 μm and 4 – 16 μm fractions are identical with respect 
to all provenance tracers studied, suggesting that these two size fractions can be 
equally used to study Asian dust transport on a regional scale and specifically to 
the eastern Tibetan Plateau. The proxies Y/∑REEPAAS, (Gd/Er)PAAS, 
(Eu/Eu*)PAAS, (La/Yb)PAAS, Y/TbPAAS, Y/LaPAAS and Y/NdPAAS are useful 
provenance tracers for dust transported from the Thar desert. The proxy 
combinations Y/TbPAAS - (Eu/Eu*)PAAS, Y/TbPAAS - (La/Yb)PAAS, Y/∑REEPAAS - 
(La/Yb)PAAS and Y/LaPAAS - (Eu/Eu*)PAAS display a clear geochemical domain 
for the Indian source and certain of these combinations also separate the Tibetan 
soils, Chinese loess plateau and Chinese deserts. Though these proxies cannot 
distinguish between the individual Chinese deserts themselves, they could be 
applied to any study seeking to establish the regional origin of transported dust. 
Y/TbPAAS is notably the best suited tracer for the distinction between these 
different sources, presenting both clear distinctions between them and confined 
signatures. 
5) Combinations of LaPAAS/Th, Y/TbPAAS, Y/∑REEPAAS, Th/∑REEPAAS, Sc/LaPAAS, 
Th/Sc and Y/ErPAAS can distinguish dust from the Tibetan soils, the Chinese 
loess plateau and the Chinese deserts. For the study of individual Chinese 
deserts, LaPAAS/Th and Th/∑REEPAAS allows the distinction of the Badain Jaran 
desert, Th/Sc is useful in isolating the signature of the Qaidam and Tengger 
deserts from the Taklamakan and Badain Jaran deserts and Sc/LaPAAS separates 
the Taklamakan desert from the remaining dust sources. The proxy 
combinations Sc/LaPAAS - Y/TbPAAS and Sc/LaPAAS - Th/∑REEPAAS are useful 
for distinguishing dust from the different Chinese deserts considered here. 
6) Tentative interpretations can be drawn for the relationships between the various 
deposits in order to add more information to the existing data regarding the 
source of different deposits. The agreement between the loess, paleosol and red 
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clay data with published values is in line with previous interpretations that these 
deposits originate from a well-mixed crustal source having undergone several 
sedimentary cycles, and that the aeolian deposition could have been sustained 
for the past several million years. Similarities between eastern Tibetan soils and 
published data from the central loess plateau could point towards a Tibetan 
source for the loess deposits, although more data is required. The identical 
signature of the samples from the Qaidam basin and the Tengger desert in all 
identified proxies suggests that the Qaidam sandy land and the neighbouring 
Tengger desert may have identical sources. 
 128 
 
Chapter 5 
 
9.5 kyr of changing atmospheric 
circulation and wind strength on the 
eastern Qinghai-Tibetan Plateau 
recorded by mineral dust deposited in 
the Hongyuan peat 
 
 
  
Chapter 5 – Holocene dust deposition to the Hongyuan peat 
 
129 
 
Abstract 
 
Provenance studies of mineral dust deposited in terrestrial records in central Asia 
have the potential to expose variations in past atmospheric circulation patterns. 
However, studies of long-term records of atmospheric dust in this region are still sparse. 
Changes in the major, trace and rare earth element composition of mineral dust 
recovered in a 
14
C-dated ombrotrophic peat core from Hongyuan (eastern Qinghai-
Tibetan Plateau), and recording 9.5 kyr of dust deposition, are reported here. The 
immobility of the REE, Sc, Y and Th in peat and their use as powerful tools to elucidate 
the sources of dust deposited in this matrix are confirmed. Variations in rare earth 
element-based provenance tracers such as Y/TbPAAS, (La/Yb)PAAS, LaPAAS/Th, 
Y/LaPAAS, Y/ΣREEPAAS, Sc/LaPAAS, Th/Sc and Th/ΣREEPAAS identify seven phases of 
atmospheric REE deposition and suggest the presence of three dominant sources of 
material to the peat: the Taklamakan desert of northwestern China, the Chinese loess 
plateau of northern China and the local Tibetan soils surrounding the core. Proposed 
contributions from the Taklamakan desert could be caused by a cyclical strengthening 
of the Westerly jet above the eastern Tibetan Plateau in the early Holocene, with 
increased dust input between 9.5-9.4 kyr, 8.0-7.8 kyr, 6.8-6.6 kyr and 6.2-6.1 kyr, as 
well as in the late Holocene between 1.6-1.5 kyr and < 0.3 kyr BP. A sudden change in 
the dominant dust source between 4.9 and 0.9 kyr BP indicates that the Chinese loess 
plateau was the main provider of mineral dust to Hongyuan during that time. This likely 
resulted from a change in atmospheric circulation patterns in this region, with the East 
Asian winter monsoon prevailing as the main dust supplier to the Hongyuan peat for 
most of the late Holocene. The periods between 3.1 and 2.7 kyr and between 1.4 and 
0.9 kyr are further characterized by a pronounced increase in dust fluxes from this 
source to the peat, suggesting a significant increase in the strength of the winter 
monsoon during those times. Comparisons between variations in contributions from the 
local Tibetan soils to the core and pre-existing studies of changing environmental 
conditions on the Tibetan Plateau reveal that episodes of particularly dry or cold 
conditions increase the input potential of local dust, while humid conditions tend to 
impair the potential mobilization of these soils. The results presented here confirm that 
precise and accurate measurements of trace elements (including the REE) in mineral 
dust recovered from peat cores enables the reconstruction of past atmospheric 
circulation and environmental conditions.  
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5.1. Introduction 
 
The major, trace and REE composition of the Hongyuan peat core is presented in 
this chapter. To the author's knowledge, these results make up the first study of the REE 
composition of deposited dust carried out in a peat archive in central Asia. The aim of 
this work is to reconstruct the history of atmospheric dust fluxes and dust sources at the 
site during the Holocene, using trace elements and REE as provenance indicators, and 
to gain a better understanding of atmospheric circulation patterns over the eastern 
Tibetan Plateau during this time.  
The objectives of this chapter are to: (i) study the major, trace and REE 
composition of the core during the last 9.5 kyr as well as its trophic status to ensure that 
all measured elements reflect changes in the composition of deposited dust; (ii) 
determine the major phases of dust deposition based on different normalized major, 
trace and REE ratios; (iii) examine the main sources of dust deposited in the peatland 
during each phase by comparing the core composition to that of various Asian dust 
sources. Of specific interest is the comparison of potential inputs from Indian versus 
Chinese dust to study whether the East Asian monsoon or the Indian monsoon was the 
dominant monsoon sub-system at the site (Fig. 5.1); and (iv) investigate the climatic 
implications of changes in dust source in the Hongyuan record in terms of variations in 
atmospheric circulation patterns and environmental change.  
 
5.2. Materials and methods 
 
5.2.1. Site description and hydrology of the peatland 
 
The Hongyuan peatland is located on the Ruo’ergai Plateau, in the northeastern 
part of the Qinghai-Tibetan Plateau, China, at an elevation of 3400-3800 m. In this 
setting, peat deposits cover broad valleys tens of kilometres in extent. The peat bog 
from which the core (hereafter denoted HYLK-1) was collected is approximately 1.5 x 
0.7 km
2
 in size and located at 32° 46’N, 102° 31’E, 3 km SW of the town of Hongyuan 
(Fig. 5.1). This particular location was chosen as it has also been investigated by others 
(Hong et al., 2000a, 2000b; Xu et al., 2002; Xu et al., 2006; Zheng et al., 2007; Yu et 
al., 2010). Average monthly temperatures vary between -10 and 11°C with an annual 
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Fig. 5.1. Map showing the location of the Hongyuan peat core and the different Asian dust sources 
considered in this study along with the locations of sampling sites within each source: the Taklamakan 
desert (TK-074 and TK-103), Qaidam basin (QD-009), Tengger desert (TG-018), Badain Jaran desert 
(BJ-024), the Chinese loess plateau (CLS 20-90) and the Thar desert (TDSD 1-3). Arrows indicate the 
approximate wind directions associated with the East Asian Summer and Winter monsoons, the Indian 
Summer monsoon and the Westerly jet.  
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mean just above freezing point of 1°C. Annual precipitation ranges from 560 to 800 
mm (Zheng et al., 2007). The dominant surface plant species, and main constituent of 
the peat, is Carex Muliensis (Hong et al., 2001) and the bedrock in the area consists 
mainly of Palaeocene quartz-rich sandstone with minor amounts of volcanic rock. 
A complete description of the physical, chemical (C, H, N and carbon density) and 
stable isotope (δ13C) properties of HYLK-1, as well as a detailed discussion of the 
peatland hydrology, was presented by Large et al. (2009). Comparisons of the carbon 
accumulation rate and age profiles showed that they are strongly correlated throughout 
the core (r
2
 = 0.98, p < 0.001), an indication of low rates of decay and near constant 
productivity (Clymo et al., 1998). The low mean annual temperature, as well as the 
determination of δ13C and carbon density, proxies for water stress in the plant matter 
and changes in peat compaction through varying conditions in the water table 
respectively, suggest that the Hongyuan peatland evolved within a climatic setting 
governed by the moving in and out of permafrost conditions during the last 10 kyr 
(Large et al., 2009). 
 
5.2.2. Sample collection, characteristics of the peat core and peat ashing 
 
5.2.2.1. Collection of the HYLK-1 peat core and core characteristics 
 
The collection of core HYLK-1 was carried out using a D-section hand-operated 
corer with a 5 cm inner diameter by the team members of the "Peat Archives of 
Atmospheric Trace Element and POP Deposition in Eastern Tibet and Its Implication 
for Global Environmental Change" workshop and field campaign (members: Dominik 
Weiss, Gan Zang, Baruch Spiro, Malin Kylander, Kerry Gallagher, David Large, 
Xiandong Li and Ben Herbert). The corer could not penetrate the substrate below 620 
cm so the maximum depth of the peat is not known. After collection, the 6.2 m core was 
cut into 1, 2 and 5 cm sections by the team members. Slices were placed in polythene 
bags and transported to the Natural History Museum, London, within 7 days of 
collection. Samples were milled and freeze-dried. Unless otherwise stated, all 
subsequent analytical or preparation work on the peat core is the student's own. 
The peat consists almost entirely of well-preserved, sedge-dominated plant matter 
and is generally poorly humified, which can be expected from the low mean annual 
temperature. Different degrees of humification were observed throughout the core, 
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varying between darker, more humified and lighter, less humified plant matter. Core 
recovery was poor between 10-36 cm due to its rather fluid nature and the peat was 
compacted in the topmost 10 cm. More humified layers were observed between 50-59, 
80-83, 100-158 and 195-260 cm whereas the section from 260 to 334 cm contained 
distinctly well preserved fibrous plant matter. The most notable characteristic below 
372 cm was the presence of 1-2 cm scale light and dark banding. Within this section, a 
prominent mineral-rich layer was observed between 460 and 510 cm, interpreted as 
caused by an influx of local sediment onto the growing peat (Large et al., 2009).  
 
5.2.2.2. Peat ashing 
 
The ash content of the core was determined by drying the peat samples at 105°C 
for 12 hrs and ashing them in a furnace at 450°C for a further 12 hrs. The ash content 
was determined as a percentage of the dry weight for each sample. Some samples with 
small peat masses were combined in order to provide enough inorganic material for 
geochemical analyses. The reproducibility of the ashing procedure was determined 
through repeat ashing measurements of the standard reference material NIST 1515 
Apple leaves on different days, and was found to be 1.15% (2σ, n = 13).  
 
5.2.3. Geochemical composition of the peat and dust samples 
 
5.2.3.1. Sample digestion 
 
All work was undertaken under clean laboratory conditions (class 1000 laboratory, 
class 10 laminar hoods) with protective clothing and footwear. Acids used were of 
grade supra-pure or purified by distillation. Before use, all labware was cleaned in turn 
with 10% v/v HCl, 10% v/v HNO3 and ultrapure (Milli-Q) H2O on a hot plate at 120ºC 
for 24 hrs each.  
Fifty milligrams of ashed peat was weighed into 14.7 ml screw top Savillex PTFE 
vessels. One millilitre of HNO3 and 0.5 ml HClO4 were added as a pre-digestion step to 
ensure complete removal of organic matter. The vessels were placed open on a hot plate 
at 190°C overnight and evaporated to incipient dryness. One millilitre of HF and 0.25 
ml HNO3 were added and the samples digested on a hot plate at 150°C for 48 hrs with 
daily ultrasonic, according to the digestion method chosen in Chapter 3. After digestion, 
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some solutions still contained small fractions of solid residue. All solutions were 
evaporated and 1.5 ml of aqua regia (2:1 HCl:HNO3) was added to each beaker, left for 
a further 24 hrs closed on the hot plate. Beakers were then placed in an ultrasonic bath 
for 30 min and solutions were clear after this step.  
 
5.2.3.2. Major elements and Sr measurements by ICP-AES  
 
Strontium, Al, Fe, Ti, Ca, Mg and K concentrations were measured by ICP-AES 
(Varian Vista-Pro Axial) at the Natural History Museum, London. Precision and 
accuracy of the digestion method were determined with the certified reference material 
USGS G-2 granite (n = 14). This material is notoriously difficult to digest due to the 
abundance of refractory phases and thus provides a conservative estimate of the 
accuracy and reproducibility of the measurements. The estimated precisions (2σ-
relative standard deviation) are 12%, 10% and 3% for Sr, Mg and K respectively and 
5% for Al, Fe, Ti and Ca. The bias from the certified values is 8% for Sr, 4% for Al, 1% 
for Fe and Mg, 6% for Ti and 9% for Ca and K (Table 3.5, Chapter 3). 
 
 5.2.3.3. Rare earth element, Sc, Y and Th measurements by ICP-MS  
 
The trace elements Sc, Y, Th and the REE were measured by quadrupole-
inductively-coupled plasma mass spectrometry (Q-ICP-MS). One millilitre of stored 
solution was diluted in 2% v/v 15.6M HNO3 to 10 ml, including 0.1 ml of a solution 
containing 100 ng ml
-1
 Rh and 100 ng ml
-1
 In as internal standards. Detection limits for 
all trace elements were always at the pg ml
-1
 level. Procedural blank solutions were 
prepared for every batch of peat samples with similar acid mixtures and under identical 
experimental conditions as the samples and never exceeded the detection limit.  
The determination of elemental precision is based on the repeat measurements of 
the certified reference material USGS G-2 granite (n = 12) described in Chapter 3. As 
with the major elements, these repeat measurements were carried out on different 
aliquots of USGS G-2 powdered rock over a period of several months and therefore 
provide a very conservative estimate of the precision of a given elemental concentration 
(Table 3.5, Chapter 3). 
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5.2.4. Age dating 
 
Radiocarbon dating was carried out between December 2007 and June 2009 by 
scientists from the AMS-
14
C laboratory in the Key Laboratory of Isotope 
Geochronology and Geochemistry, Chinese Academy of Sciences (CAS) in 
Guangzhou, China and from the Angstrom Laboratory, Uppsala University, Sweden, as 
described in detail by Large et al. (2009). The analytical procedure followed by these 
laboratories is described here. Sixteen peat samples were selected for 
14
C-AMS age 
dating. The organic samples were pre-treated first by removal of any obvious 
contamination and subsequently with a standard acid-alkaline-acid treatment. Samples 
were rinsed in ultra-pure milliQ water, dried on a hot block at 80˚C and then combusted 
at 900˚C in evacuated sealed quartz tubes to produce carbon dioxide. After extraction 
and purification, CO2 was reduced to graphite and stored in reaction tubes until pressing 
into aluminium target holders for AMS measurement. A strong linear age-depth 
relationship is observed in the entire profile below 50 cm (r
2 
= 0.98, p < 0.001). 
Calibrated and modelled 
14
C dates are presented in Table 5.1.  
 
5.3. Results 
 
5.3.1. Bulk density and ash content of HYLK-1 
 
Dry bulk density of the HYLK-1 core varies between 0.02 and 0.83 g cm
-3
 (Fig. 
5.2). Density is high in the upper 10 cm of the core (0.45-0.83 g cm
-3
) as a result of 
compaction in the upper layers, possibly caused by yak grazing on the plateau. Below 
10 cm, values decrease to 0.02-0.10 g cm
-3
 with an average of 0.05 ± 0.04 g cm
-3
 (2σ, 
n=78), except in the mineral-rich layer between 510 and 460 cm, where values fall 
between 0.16-0.32 g cm
-3
.   
Ash content in the core varies from 11-90%, with the maximum reached at 475 cm 
within the mineral-rich layer (Fig. 5.2). Concentrations in this layer vary between 81 
and 90% and samples are classified as sediment. They likely represent a substantial 
inwash of local soil dust onto the peat bog, possibly caused by large-scale permafrost 
melting (Large et al., 2009). The ash content is remarkably high (> 30%) in three other 
sections: 195-230 cm, 150-159 cm and 102-126 cm. The mineral-rich layer and the  
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Table 5.1. AMS radiocarbon ages for selected samples in the Hongyuan peat core (Large 
et al., 2009). The results form a near linear age-depth array.  
Sample ID Mean depth 
(cm) 
Measured age 
(cal. yrs BP) 
Modelled age
a 
(cal. yrs BP) 
HYLK1-22 65 215 ± 80 316  
HYLK1-39 99 815 ± 65 880  
HYLK1-45 111 1185 ± 30 1079  
HYLK1-61 143 1495 ± 55 1611  
HYLK1-64 149 2240 ± 40 1710  
HYLK1-67 162 2200 ± 40 1926 
HYLK1-71 182.5 2040 ± 50 2267  
HYLK1-80 237.5 2980 ± 35 3180  
HYLK1-85 267.5 4410 ± 80 3678  
HYLK1-92 302.5 4480 ± 40 4259  
HYLK1-104 362.5 4760 ± 40 5255  
HYLK1-109 387.5 5250 ± 45 5670  
HYLK1-118 432.5 6220 ± 50 6417  
HYLK1-129 487.5 8400 ± 25 7330  
HYLK1-138 532.5 8095 ± 35 8077  
HYLK1-166 617.5 9480 ± 35 9488  
(a) Modelled ages are calculated from the relationship: Age = 16.602*Depth – 763.36. 
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Fig. 5.2. Depth profiles of the density (g cm
-3
) and ash concentration (%) of the HYLK-1 peat core.  The 
location of the mineral-rich layer (Peak I) is shown in both profiles. The three high-ash peaks are 
highlighted and marked as Peaks II-IV in the ash profile. Increased density in upper 10 cm of the profile 
as a result of peat compaction is marked by a green arrow. Mean peat density, excluding this layer and 
the mineral-rich layer, is 0.05 ± 0.04 g cm
-3
 (marked by a green line, 2σ, n = 78). Values for the ash 
baseline (green line) and basal peat samples as defined in section 5.3.1 are shown. 
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three subsequent high-ash excursions are labelled Peaks I-IV respectively (Fig. 5.2). 
The average concentration of the remaining samples is 24 ± 14 % (2σ, n=70) and these 
samples form the ash baseline. The basal peat samples (> 550 cm) display some of the 
lowest ash contents (18 ± 4%, 2σ, n=10). 
 
5.3.2. Major element content of the core 
 
The concentration profiles of the major lithogenic elements Al, Ti, Mg, K and Fe 
are shown in Figure 5.3. Aluminium and Ti show remarkably similar profiles. 
Concentrations vary between 9330-72840 and 450-3760 μg g-1 respectively and display 
very high correlations with the ash content (r
2
 = 0.97 and 0.99 respectively, n = 93). 
The highest concentrations are observed in the mineral-rich layer (Peak I) and the three 
high-ash layers (Peaks II-IV), with Al and Ti exceeding 30000 and 1400 μg g-1 
respectively. The remaining samples correspond to those defining the ash baseline (as 
defined in section 5.3.1 and Figure 5.2) and oscillate around average values of ~ 21100 
± 13580 μg g-1 for Al and 980 ± 590 μg g-1 for Ti (2σ, n = 70). A high concentration (Al 
> 47000 μg g-1) is also seen in the Al profile at a depth of 437.5 cm.  
The Mg and K profiles co-vary with the Al and Ti profiles as well as with the ash 
content (r
2
 = 0.97 for both elements, n = 93). Peaks I-IV emerge as the highest values 
once more, with Mg and K concentrations reaching 8800 and 18120 μg g-1 respectively. 
Baseline values are ~ 2320 ± 1470 μg g-1 for Mg and 4430 ± 3270 μg g-1 for K. High 
concentrations of Mg and K are also observed between 435 and 440 cm, as was the case 
in the Al profile.  
The Fe profile is similar to Al, Ti, Mg and K and displays a slightly lower but still 
high correlation with the ash (r
2
 = 0.83, n = 93). Peaks I-IV are represented in this 
element profile as well, with concentrations reaching 25870 μg g-1 during Peak II, but 
the increase is less pronounced in Peak I than in the other profiles. Baseline Fe values 
are ~ 12980 ± 6680 μg g-1 (2σ, n = 70). 
The basal samples below 550 cm display some of the lowest and most stable values 
in the Al, Ti, Mg,  K and Fe profiles, with relative standard deviations of 16-33% (2σ,  
n = 10).  
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Fig. 5.3. Concentrations of the major elements Al, Ti, Mg, K and Fe (µg g
-1
) with depth in HYLK-1. The 
location of the mineral-rich layer (Peak I) and Peaks II-IV is shown in all profiles. Baseline values as 
defined by the ash profile are given for all major elements (red lines, 2σ, n = 70). 
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5.3.3. Rare earth element, Sc, Y and Th content of the core 
 
Total REE concentrations (∑REE) range between 19.3 and 165 μg g-1 in the 
HYLK-1 core, with the highest concentrations found in the mineral-rich layer (Peak I: 
139-165 μg g-1) and Peaks II-IV (∑REE = 66.1-120 μg g-1). Individual profiles mirror 
that of ∑REE, and overall concentrations in μg g-1 are: La 4.00-33.0; Ce 7.64-67.5; Pr 
0.935-8.17; Nd 3.58-31.0; Sm 0.729-6.24; Eu 0.150-1.24; Gd 0.696-5.68; Tb 0.106-
0.842; Dy 0.586-4.63; Ho 0.135-0.912; Er 0.333-2.59; Tm 0.048-0.374; Yb 0.310-2.41; 
Lu 0.048-0.366. Correlations between individual REE profiles and that of total REE 
vary from r
2
 = 0.98 for Lu to r
2
 > 0.99 for Pr and Nd. Given the high correlation 
between all REE profiles, certain elements can be selected to represent the overall REE 
variability and the profiles for La, Nd, Gd, Er and Yb are shown along with ∑REE (Fig. 
5.4). Peaks I-IV are prominent in all profiles, in agreement with their correlation 
factors, and baseline values are 9.04 ± 5.63, 8.46 ± 5.22, 1.61 ± 1.01, 0.77 ± 0.54 and 
0.73 ± 0.52 μg g-1 for La, Nd, Gd, Er and Yb respectively (Fig. 5.4, 2σ, n = 70). 
Similarly to Al, Ti, Mg and K, the basal samples below 550 cm display some of the 
lowest and most stable REE values (Figs. 5.3, 5.4). Concentrations in this basal unit are: 
La 6.47 ± 1.65, Nd 6.08 ± 1.53, Gd 1.17 ± 0.29, Er 0.54 ± 0.15, Yb 0.51 ± 0.14 and 
∑REE 32.5 ± 8.2 μg g-1 (2σ, n = 10). 
Scandium, Y and Th profiles display similar characteristics to the ash content, Al, 
Ti, Mg, K and the REE, with high concentrations in peaks I-IV (Fig. 5.5). Similarly to 
Al, high concentrations are also observed above Peak I, between 435 and 445 cm. This 
feature is particularly noticeable in the Sc profile. Baseline values are calculated 
omitting this high interval and are 4.06 ± 2.36, 7.35 ± 4.65 and 3.82 ± 2.37 μg g-1 for 
Sc, Y and Th respectively. Correlation with the ash content is r
2
 = 0.91, 0.93 and 0.97 
and with ∑REE 0.94, 0.96 and 0.99 for the three elements respectively, while basal 
concentrations below 550 cm are 2.95 ± 1.01, 5.28 ± 1.44 and 2.77 ± 0.85 μg g-1 (2σ, n 
= 10). 
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Fig. 5.4. Depth profiles of the rare earth elements La, Nd, Gd, Er and Yb as well as total REE 
concentrations (ΣREE) in the HYLK-1 peat core. The intervals defining the mineral-rich layer (Peak I) as 
well as Peaks II-IV are shown in all profiles. Baseline values as defined by the ash profile are given for 
all elements (pink line, 2σ, n = 70). The mean concentration of the basal peat samples (> 550 cm) are also 
shown for all elements (2σ, n = 10). 
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Fig. 5.5. Concentrations of the trace elements Sc, Y and Th with depth in the HYLK-1 peat core. The 
depth of the mineral-rich layer (Peak I) and of the high ash concentration layers Peaks II-IV is shown in 
all profiles. Baseline values, as defined in section 5.3.3, are given for all elements (pink line, 2σ, n = 68). 
The mean concentration of the basal peat samples (> 550 cm) are also shown for all elements (2σ, n = 
10). 
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5.4. Discussion 
 
5.4.1. Internal processes in the mire: Trophic status and immobility of the REE 
 
5.4.1.1. Ombrotrophic nature of the core 
 
While ombrotrophic bogs receive their inorganic constituents mainly from the 
atmosphere, minerotrophic peats can receive additional inorganic material through 
groundwater movement and dissolution of the underlying sediment. In order to interpret 
changes in ash content in terms of changes in atmospheric dust deposition and carry out 
subsequent provenance tracing using the measured lithogenic elements, the trophic 
status of HYLK-1 must be assessed to confirm that elemental concentrations were not 
affected by groundwater. Here, the conductivity of pore water, as well as the vertical 
distributions of Al, Ti, Sr and Ca (Fig. 5.6), are used as indicators of the trophic state of 
the HYLK-1 core (Shotyk, 1996a, 1996b).  
Pore water conductivity is extremely low (53-148 mS cm
-1
) (Large et al., 2009) and 
thus the water contains very little dissolved material, suggesting that significant 
diagenetic mineral precipitation is unlikely. Indeed, dissolution from the underlying 
layers does not seem important given the low ash content and elemental concentrations 
of the basal peat (Figs. 5.2-5.5). Aluminium and Ti are two lithogenic conservative 
elements often used as references in peat studies to account for natural variations in 
density and inorganic input and assess true variations in other elemental concentrations 
(Shotyk et al., 2001; Krachler et al., 2003; Aubert et al., 2006). These elements display 
very high correlations with the ash (r
2
 = 0.97 and 0.99 respectively, n = 93, Fig. 5.6), 
providing further evidence that the inorganic contents are supplied by atmospheric soil 
dust rather than dissolution of mineral grains within the core (Weiss et al., 1999a; 
Cortizas et al., 2002; Kylander et al., 2005). 
Strontium concentrations are good trophic indicators in peat bogs (Shotyk, 1996b). 
An increase with depth of this element, indicating its vertical migration, is often 
attributed to groundwater movement. In HYLK-1, Sr displays a good correlation with 
the ash and immobile Al profiles (r
2
 = 0.87 and 0.80 respectively, n = 93) and shows 
little increase with depth (Fig. 5.6), indicating lack of strong Sr dissolution and post-
depositional migration. The average content in the upper core between 40-370 cm  
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Fig. 5.6. Depth profiles of Al (black line, full circles, divided by a factor of 10), Ti (dashed line), Sr and 
Ca (μg g-1) concentrations in HYLK-1. Sr concentrations are compared in the upper half (40-370 cm, 2σ, 
n = 41) and basal parts of the profile (> 550 cm, 2σ, n = 10). Ca concentrations are given above and 
below 365 cm (2σ, n = 43 and 45 respectively). The correlations between ash, Al, Ti and Sr, the similar 
Sr concentrations in the upper half and base of the profile and the low increase in Ca concentrations show 
that the peat core is ombrotrophic throughout the cored section. 
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(61.4 ± 27.4 μg g-1, 2σ, n = 41) is very close to that at the base of the profile (65.6 ± 
20.0 μg g-1, n = 10). In contrast, minerotrophic peat deposits can display up to 16-fold 
increases in Sr within one profile (Weiss et al., 1999a; Shotyk et al., 2002; Monna et al., 
2004), a feature clearly absent here. 
Only Ca, which can be present in minerals soluble under acid conditions such as 
carbonates, shows a slight concentration increase with depth (Fig. 5.6) indicating 
possible groundwater transport of this element (Weiss et al., 1999a; Kylander et al., 
2005). However, concentrations only increase from 8277 ± 2454 μg g-1 (2σ, n = 43) 
between 10-365 cm to 13367 ± 5303 μg g-1 (2σ, n = 45) below 365 cm, much lower 
than the 3-12-fold increase observed in basal minerogenic sections of peat profiles 
(Shotyk, 2002; Kylander et al., 2005). Combined, the above evidence suggests that 
mineral matter in the Hongyuan peat deposit is not affected by groundwater re-
mobilization or sediment dissolution after deposition and is supplied by deposition of 
material at the surface of the peat bog.  
 
5.4.1.2. Immobility of the REE, Sc, Y and Th within the profile 
 
In order to carry out REE and trace element-based provenance tracing of the 
deposited dust, the immobility of these elements in the mire must also be established. 
The high correlation between individual REE profiles, including the redox sensitive 
element Ce (McLennan, 1989), and total REE (r
2
 > 0.98, n = 93) and between the REE 
profiles and that of Al, known to be immobile in peat, (r
2
 > 0.97, n = 93) points towards 
the immobility of these elements within the core. Similar conclusions are reached for 
Sc, Y and Th based on their high correlations with the Al profile (r
2 
= 0.97, 0.98 and 
0.98, n = 93). Correlation factors were also calculated omitting the mineral-rich layer in 
order to ensure that high correlations are not a result of the high concentrations present 
in this layer. Correlations between Sc, Y, Th and the REE profiles and the Al profile 
exceed 0.96 for all elements (n = 83). 
A principal component analysis was carried out on all elements to detect trends in 
elemental behaviour. The first principal component (PC1) accounts for 83.1 % of the 
dataset variance and is composed of the elements Mg, K, Sc, Y, Th, Rb and the entire 
REE suite as well as Al, Ti and Pb (Fig. 5.7), which are known to be immobile in peat 
(Shotyk, 1996a; Shotyk et al., 1996; MacKenzie et al., 1997; Weiss et al., 1999a). Iron 
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Fig. 5.7. Plot of Principal Component 1 for the major, trace and rare earth elements in the HYLK-1 peat 
core. PC1 accounts for 83.1% of the total variance of the dataset and groups together the REE and trace 
elements Y and Sc with elements such as Al and Ti, known to be immobile in peat. Ca does not group 
with these elements but is rather contained within PC2. 
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and Sr are also contained within PC1. Their loading values are slightly lower than the 
REE and immobile elements Al, Ti and Pb but remain high, also suggesting that these 
elements may be largely immobile throughout the peat column. On the contrary, the 
elements Ca, P and Mn display low PC1 loadings and do not group with the immobile 
elements described previously. This suggests that dissolution and re-mobilization of 
mineral phases containing these elements (e.g. calcite or apatite) may have occurred 
throughout the peat column, separating them from the ash component deposited at each 
time. The high PC1 loading of the REE, Sc, Y and Th, however, suggests that such 
processes have not affected the mobility of these elements. These statistical results, as 
well as the high correlation between the rare earth or trace elements and the Al profile, 
suggest that the elements of interest for provenance tracing (REE, Sc, Y and Th) are 
immobile in HYLK-1, in agreement with studies of peat bogs in Europe and Australia 
(Krachler et al., 2003; Aubert et al., 2006; Kylander et al., 2007). 
 
5.4.2. External processes: Changes in dust deposition and phase determination 
 
5.4.2.1. Ti-normalized profiles 
 
The Al, Mg and K profiles were normalized to Ti concentrations to remove the 
effect of natural changes in dust input and compensate for bulk density differences 
within the profile (Fig. 5.8). Ti was chosen over the other major elements as it displays 
the strongest correlation with the dust concentrations (r
2
 = 0.99, n = 93). The spread of 
"local" values, represented by the 2σ-variation of the mineral-rich layer (95% 
confidence interval), is represented by a grey bar (Fig. 5.8). Given that this interval is 
interpreted to consist of local sediment washed onto the bog, its signature is taken as 
representative of the local geochemical background of the Hongyuan peat record. It is 
characterized by Al/Ti = 19.52 ± 0.54, Mg/Ti = 2.28 ± 0.20, K/Ti = 4.87 ± 0.17 and 
Fe/Ti = 6.53 ± 0.63 (2σ, n = 10). Deviations from this interval likely indicate the 
deposition of dust with a non-local signature.  
The Al/Ti, Mg/Ti and K/Ti profiles show similar patterns and values throughout 
the core and are generally lower than UCC, by up to a factor of two in the Mg/Ti and 
K/Ti profiles (UCC: Taylor and McLennan, 1985). Six excursions can be observed in 
the three profiles (marked by arrows, Fig. 5.8), two of which correspond to the 
concentration Peaks II and IV (Fig. 5.3). This feature suggests that these two intervals 
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are not only characterized by the introduction of non-local dust, but also by an increase 
in dust flux. The remaining four excursions are labelled E1 to E4. These deviations 
from the local background suggest that dust with a novel signature could be present at 
these depths/times. The remaining samples oscillate closer to the local background 
around mean values of 20.76 ± 1.42, 2.29 ± 0.40 and 4.40 ± 0.62 for Al/Ti, Mg/Ti and 
K/Ti respectively (2σ, n = 77), indicating that input of local dust, though not always the 
dominant dust source, is likely to have been active throughout the Holocene. 
The Fe/Ti profile is different to the remaining profiles, possibly resulting from Fe 
being hosted in different rock-forming minerals in the deposited dust to the other major 
elements presented here, or in amorphous iron oxyhydroxide coatings more easily 
dissolved under reducing and acid conditions (which could explain the slightly lower 
PC1 loading of this element, Fig. 5.7). Most of the Fe/Ti profile is representative of 
crustal signatures, and displays higher values than the local background defined by 
Peak I, further supporting the suggestion that non-local sources may have been active 
throughout the peat profile. Only the samples from Peak III mark a return to this 
background. It is noted that Peak III is also described by a return to the local 
background in the Al/Ti profile, suggesting that this episode of high dust input may be 
attributed in part to the deposition of local material while deposition during Peaks II and 
IV seem dominated by non-local dust. Besides these two intervals of local signatures, 
the Fe/Ti profile fluctuates around a mean value of 13.15 ± 3.29 (2σ, n = 81) and the 
remaining four peaks are not obvious in this profile due to the high variability of the 
values. 
 
5.4.2.2. REE fractionation and Eu-anomalies  
 
Rare earth element and trace element ratios have been shown to be useful 
indicators of changing dust sources in peat and other dust archives (Zdanowicz et al., 
2006; Kylander et al., 2007). Similarly to Ti-normalizations, these ratios account for 
variations in dust contents and avoid issues with elemental dilutions by quartz or 
carbonate. Figure 5.9 displays the profiles for (La/Yb)PAAS, the europium anomaly 
(Eu/Eu*)PAAS = Eu PAAS/(Sm PAAS*Gd PAAS)
0.5
 and Y/TbPAAS. These three ratios were 
chosen for preliminary analysis of changing REE composition of the deposited dusts as 
both La/Yb and Eu/Eu* are commonly used REE ratios (Kylander et al., 2007; Yang et 
al., 2007a) and can allow comparisons with other peat studies and Y/Tb best discrimi- 
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Fig. 5.8. Depth profiles of Al, Mg, K and Fe concentrations normalized to Ti to correct for variations in 
density and dust input. Ti was chosen over the other major elements as a normalizing factor as it displays 
the highest correlation with the ash profile (r
2
 = 0.99, n = 93). The position of the mineral-rich layer 
(Peak I) and high-ash Peaks II-IV is given in the Al/Ti profiles and represented in the remaining profiles. 
The grey bar in all profiles indicates the spread of local values, defined as the 2σ-variation of the mineral-
rich layer (95% confidence interval), and deviations from this spread likely indicates the introduction of 
dust with a non-local signature. Six excursions from the local values are marked by arrows in the Al/Ti, 
Mg/Ti and K/Ti profiles and include the high ash Peaks II and IV. The remaining four excursions are 
labelled E1-E4. The dashed grey line indicates the ratio values for the upper continental crust (UCC: 
Taylor and McLennan, 1985).  
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nates between the potential sources considered (Fig. 4.9D). The 2σ-variability of the 
local signature (Peak I, n = 10) is once more represented by a grey bar in all profiles 
and is 1.00 ± 0.10, 0.98 ± 0.02 and 22.74 ± 0.99 for (La/Yb)PAAS, (Eu/Eu*)PAAS and 
Y/TbPAAS respectively (Fig. 5.9). The six excursions observed in the Ti-normalized 
profiles, including Peaks II and IV, are also expressed in the (La/Yb)PAAS and Y/TbPAAS 
signatures and to a lesser extent in the europium anomaly profile (Fig. 5.9). Their 
expression in six different elemental ratios, away from the range of local values, 
indicates that the dust deposited at these depths originates from a different, non-local 
source. 
In their peat core in eastern Australia, Kylander et al. (2007) found the europium 
anomaly to be a useful indicator of changes in dust source as it displayed significant 
variations throughout the core. At Hongyuan, the europium anomaly variability along 
the profile is only 4% (2σ, n = 93) and the lower half of the core below 340 cm is 
generally contained within the range of local values (0.98 ± 0.02, 2σ, n = 47). It seems 
that (La/Yb)PAAS and notably Y/TbPAAS are more useful proxies for the study of changes 
in Asian dust provenance at Hongyuan, with a variability of 23 % and 11 % 
respectively along the profile (Fig. 5.9). This shows the necessity of a detailed multi-
proxy approach in every given dust setting. 
 
5.4.2.3. Phase determination 
 
Based on the rare earth element and trace element profiles given, the peat core is 
divided into seven phases of REE deposition in Hongyuan (Fig. 5.9). The start of each 
phase is marked by a change in one or more ratio(s) and/or a deviation from local 
values. Such changes should indicate variations in the relative flux of dust from the 
different sources. 
Phase 1 (> 600 cm) is marked by low (La/Yb)PAAS values (< 0.94) and high 
Y/TbPAAS values (> 24), in both cases away from the 2σ-range of local values. This 
deviation was also expressed at this depth in the Al/Ti, Mg/Ti and K/Ti profiles as E1, 
suggesting the presence of a non-local source during this phase.  
Phase 2 (600-460 cm) is marked by a return to predominantly local values in the 
three profiles. The average signature during this phase is (La/Yb)PAAS = 0.97 ± 0.13, 
(Eu/Eu*) = 0.97 ± 0.02 and Y/TbPAAS =23.30 ± 1.53, not significantly different from the 
local background. Despite this, values are variable and include a noteworthy excursion  
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Fig. 5.9. Depth profiles of (La/Yb)PAAS, (Eu/Eu*)PAAS and Y/TbPAAS in the HYLK-1 peat core showing 
seven phases of dust deposition and their respective ages. The positions of the mineral-rich layer (Peak I), 
the high ash-concentration intervals Peaks II-IV and excursions to non-local values E1-E4 defined by the 
Ti-normalized profiles are shown. The orange bar in the (La/Yb)PAAS and Y/TbPAAS profiles marks an 
episode of non-local input within a sustained episode of local signatures (phase 2). The 2σ-variability of 
the local signature (Peak I, n = 10) is represented by a grey bar in all profiles. 
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outside of the local range between 515 and 525 cm in the (La/Yb)PAAS and Y/TbPAAS 
profiles (Fig. 5.9). This indicates that dust deposition during phase 2 may be 
predominantly local but may include episodes on non-local input such as the event 
centred at 520 cm.   
A change to non-local signatures in (La/Yb)PAAS and Y/TbPAAS at 460 cm defines 
the beginning of phase 3, with a respective decrease to 0.83 ± 0.10 of the former and 
increase to 24.12 ± 2.44 of Y/TbPAAS (2σ, n = 19). During this phase, all of the 
(La/Yb)PAAS and most of the Y/TbPAAS values are outside of the local background, 
indicating the introduction and sustained deposition of non-local material and that local 
input was not as pronounced as during the previous phase. In both proxies, the signature 
during phase 3 resembles that of phase 1, possibly indicating (a) similar source(s) of 
dust. This interval includes the clearly defined excursion observed in the Ti-normalized 
profiles and labelled E2 (Figs. 5.8, 5.9).  
The end of phase 3 and start of phase 4 marks the most pronounced change in the 
Y/TbPAAS profile, with a large and sustained increase in Y/TbPAAS at 340 cm to values 
of 25.89 ± 1.70, significantly different to the local background of 22.74 ± 0.99. The 
(La/Yb)PAAS and europium anomaly profiles show more variability, with values 
oscillating between the local background (such as the intervals 340-305 cm and 265-
230 cm) and non-local values (e.g. between 305-265 cm and 230-195 cm, the latter 
corresponding to Peak II). The non-local origin of Peak II was previously suggested on 
the basis of the Ti-normalized profiles (Fig. 5.8) and its upper limit defines the end of 
phase 4. 
Phase 5 is described as a shift towards background values in all profiles at 195 cm. 
The background signature seems to dominate largely until the end of this phase at a 
depth of 150 cm. This phase includes the high-ash Peak II, which displays a return to 
background values in (Eu/Eu*)PAAS and Y/TbPAAS already observed in the Ti-
normalized profiles. 
The interval from 150 to 100 cm is defined as phase 6 and displays similar 
characteristics to phase 4, with lower than background (La/Yb)PAAS and significantly 
higher than background (Eu/Eu*)PAAS (1.02 ± 0.01) and Y/TbPAAS (25.46 ± 0.65). The 
high-ash Peak IV occupies most of this interval, indicating that the change in dust 
source is accompanied by an increase in non-local dust flux. 
Finally, phase 7 (100-0 cm) displays predominantly local (La/Yb)PAAS and 
Y/TbPAAS signatures (1.03 ± 0.11 and 22.44 ± 1.26) respectively, and may represent the 
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“switch-off” of the non-local dust source(s) which dominated phase 6. In the upper part 
of phase 7 the europium anomaly increases to non-local signatures, possibly indicating 
another mixture between local and non-local dust in the top 25 cm of the core. 
 
5.4.3. Source assessment 
 
5.4.3.1. Recommended proxies for the tracing of Asian dust to the eastern Tibetan 
Plateau 
 
Deviations from local trace element and REE signatures (defined by the 2σ- 
variation of the mineral-rich layer) in the various phases indicate the introduction of a 
non-local source of dust. In order to interpret dust source variability in terms of changes 
in atmospheric circulation patterns, the specific provenance of the dust deposited in the 
peat during each phase must be determined.  
Based on the geochemical composition of the different Asian dust sources 
considered, a series of provenance tracers which best discriminate between them were 
chosen in Chapter 4. The study of different size fractions and bulk samples from the 
Qaidam basin and Taklamakan, Badain Jaran and Tengger deserts showed that REE 
patterns, as well as the ratios Y/∑REE, La/Er, La/Gd, Gd/Er, La/Yb, Y/Tb, Y/La, Y/Nd 
and to a certain extent the europium anomaly Eu/Eu* (all REE values are normalized to 
PAAS) are size independent tracers which could be used to investigate the source of 
regionally transported dust even when only bulk samples are available to represent the 
source chemistry (see Chapter 4, Fig. 4.8). These proxies are applied to the Hongyuan 
core to compare Chinese and Indian dust input (Figs. 5.10, 5.11) 
Additionally, comparison of different REE and trace element-based ratios showed 
that La/Th, Y/Tb, Y/Er, Y/∑REE, Th/Sc, Th/∑REE and Sc/La can distinguish between 
one or more of the Chinese and Tibetan sources (see Chapter 4, Fig. 4.11) and 
combinations of the above ratios can thus be used to study the input from Chinese 
deserts, the loess plateau and the local soils to the dust deposited in the Hongyuan peat 
core (Fig. 5.12). 
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5.4.3.2. Hemispheric dust transport to the Hongyuan peat: Indian vs. East Asian 
monsoon 
 
As discussed above, only proxies independent of grain size were used in this study 
to compare bulk samples from the Thar desert to that of the long-range transported dust 
deposited in the core. The mean post-Archean Australian shale- (PAAS: Taylor and 
McLennan, 1985) normalized REE patterns of the HYLK-1 peat samples from each 
phase and that of the potential sources are shown in Figure 5.10. Peat samples from all 
phases show relatively flat REE patterns, with a slight enrichment of the middle REE 
(MREE) Sm-Tb relative to the light- and heavy REE ([La/Gd]PAAS = 0.62-0.76, 
[Gd/Yb] PAAS = 1.28-1.48) and no europium anomaly ([Eu/Eu*] PAAS = 0.97-1.02). 
Patterns from phases 2 and 6 are enriched relative to the other phases, probably 
reflecting the high REE concentrations observed in Peaks I and IV. REE patterns and 
concentrations from phases 1 and 3 are nearly indistinguishable, suggesting that dust 
deposition during these periods was governed by (a) similar source(s), as was 
previously suggested on the basis of Figure 5.9.  
Comparing the Hongyuan samples to the different Asian dust sources (Fig. 5.10), 
the peat REE patterns are very similar to those from the Chinese deserts ([La/Gd]PAAS = 
0.66-0.72, [Gd/Yb]PAAS = 1.26-1.35, [Eu/Eu*]PAAS = 0.95-1.00), the loess plateau 
([La/Gd]PAAS = 0.76-0.79, [Gd/Yb] PAAS = 1.18-1.39, [Eu/Eu*]PAAS = 0.91-0.95) and the 
Tibetan soils ([La/Gd]PAAS = 0.60-0.80, [Gd/Yb]PAAS = 1.28-1.57, [Eu/Eu*]PAAS = 0.94-
0.99), suggesting that deposited dusts may have originated from any of the above 
sources. The similarity of REE patterns between these sources precludes any further 
distinction between them on the basis of REE patterns alone. Samples from the Thar 
desert however are easily distinguished from the remaining Asian dust sources, with 
more negative europium anomalies, stronger HREE fractionation and flatter light-REE 
patterns than the Chinese and Tibetan sources ([La/Gd]PAAS = 0.77-0.91, [Gd/Yb] PAAS = 
1.52-1.91, [Eu/Eu*] PAAS = 0.84-0.87). Even though individual peat phases cannot be 
differentiated on the basis of patterns alone, it seems that none of the characteristics of 
the Thar desert samples are reflected in them, suggesting the absence of dust from this 
source at Hongyuan.  
To confirm this hypothesis, the provenance of the dust recovered from the HYLK-1 
peat samples was studied in four REE and trace element bivariate plots of Y/TbPAAS-
(Eu/Eu*)PAAS, Y/TbPAAS - (La/Yb)PAAS, Y/∑REEPAAS - (La/Yb)PAAS and Y/LaPAAS -   
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Fig. 5.10. Post Archean Australian Shale-normalized REE patterns for: (A) the HYLK-1 peat core, as 
represented by the average concentrations for each phase; and for the different Asian dust sources 
considered in this study: (B) the deserts of northern and northwestern China (including the Qaidam basin 
and Taklamakan, Badain Jaran and Tengger deserts); (C) the Chinese loess plateau; (D) the Thar desert; 
and (E) the Tibetan soils collected around the HYLK-1 core (PAAS: Taylor and McLennen, 1985). 
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Fig. 5.11. Bivariate plots of: (A) Y/TbN versus (Eu/Eu*)N; (B) Y/TbN versus (La/Yb)N; (C) Y/∑REEN 
versus (La/Yb)N; and (D) Y/LaN versus (Eu/Eu*)N for the HYLK-1 peat samples (black circles, n = 93) 
and for the bulk surface samples from the Chinese deserts (Qaidam basin and Taklamakan, Tengger and 
Badain Jaran deserts, blue domain, n = 5), The Chinese loess plateau (orange domain, n = 5), the Thar 
desert (green domain, n = 3) and the eastern Tibetan soils (mauve domain, n = 9). The cluster of peat 
samples overlapping the domains of the Chinese deserts, loess plateau and/or Tibetan soils indicates that 
these sources have likely contributed dust to the core. Their location away from the Thar desert signature 
suggests the absence of dust from this source throughout the past 9.5 kyr. The N subscript indicates that 
values are normalized to PAAS (PAAS: Taylor and McLennan, 1985). Indicative error bars based on 
repeat digestions of the certified reference material USGS G-2 are given at the 1σ-level. 
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(Eu/Eu*)PAAS (Figs. 5.11A-D). In all four plots, the peat samples overlap with the 
domains of the Chinese deserts and the local Tibetan soils and also plot across the 
domain of the Chinese loess plateau in Figure 5.11C. However, peat samples 
systematically plot away from the Thar desert domain. Based on REE-patterns and the 
provenance tracers Y/TbPAAS, (Eu/Eu*)PAAS, (La/Yb)PAAS, Y/∑REEPAAS and Y/LaPAAS, 
it is proposed that there has been no input from Thar desert dust at the Hongyuan peat 
core during the last 9.5 kyr. This indicates that mineral dust transported by the Indian 
monsoon did not reach the Hongyuan peatland during this period and could suggest that 
the latter has lain within the domain of the East Asian Monsoon for most of the 
Holocene. The boundary between the two systems is estimated to fall today in the 
vicinity of 105°E (P. Wang et al., 2005) and the results from Hongyuan, located at 32° 
46’N, 102° 31’E, suggest that this boundary may lie further west in this part of the 
eastern Tibetan Plateau and has not been located as far East as 105° for much of the 
Holocene. 
 
5.4.3.3. Regional provenance tracing at Hongyuan: Which Chinese dust sources? 
 
Seven bivariate plots showing different combinations of the proxy ratios 
LaPAAS/Th, Y/TbPAAS, Y/ErPAAS, (La/Yb)PAAS, Th/Sc, Th/∑REEPAAS and Sc/LaPAAS are 
shown in Figure 5.12. The proxies within each plot are selected so that they never share 
a common element and represent independent trace and REE characteristics of the 
source samples. Peats from each phase 1-7 are plotted for each proxy combination. This 
analysis provides seven independent means to geochemically assess the provenance of 
the dust deposited at Hongyuan. 
The peat samples display two types of geometries in the bivariate plots, either 
forming a near-linear array (Figs. 5.12B, 5.12G) or a non-linear data cloud where the 
data point geometry could be interpreted as a triangle bound by three vertices (Figs. 
5.12A, 5.12C, 5.12D, 5.12E, 5.12F). This suggests that a two- or three source end-
member model could be appropriate to explain the composition of the Hongyuan peat 
samples. The domain of the local Tibetan soils systematically plots on one end of the 
linear trend or triangle vertices, suggesting that this composition likely represents one 
of the two or three source end-members. Indeed, samples from the mineral-rich layer 
(Peak I), interpreted to represent the inwash of local material, always plot in the domain 
marked by the local soils, thus defining them as the first source end-member of the  
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Fig. 5.12. Please refer to p. 161 for full caption. 
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Fig. 5.12 (cont'd).. 
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Fig. 5.12 (cont'd).. 
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Fig. 5.12. Bivariate plots of: (A) LaN/Th vs. Y/TbN; (B) Sc/LaN vs. Y/TbN; (C) Y/ErN vs. (La/Yb)N; (D) 
Th/∑REEN vs. Sc/LaN; (E) Sc/LaN vs. Y/ErN; (F) LaN/Th vs. Y/ErN; and (G) Th/Sc vs. Y/TbN showing the 
composition of the HYLK-1 samples from the different phases of deposition. Domains occupied by the 
Taklamakan desert (TK, blue, n = 2), the Badain Jaran (BJ) and Tengger deserts (TG) (mauve, n = 2), the 
Chinese loess plateau (CLP, red, n = 5) and the Tibetan soils (TS, grey, n = 9) are shown as well as the 
samples from the mineral-rich layer (Peak I, black crosses). Loess data from published studies are also 
shown (Jahn et al., 2001; Yokoo et al., 2001). Samples from all phases can be best explained by a mixture 
of two or three sources: the Taklamakan desert and/or the Chinese loess plateau and the Tibetan soils. 
Red crosses on each plot indicate an "ideal" composition for each end-member. The N subscript indicates 
that values are normalized to PAAS (PAAS: Taylor and McLennan, 1985). Indicative error bars based on 
repeat digestions of the certified reference material USGS G-2 are given at the 1σ-level. 
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deposited dust. In the linear, two end-member models (Figs. 5.12B, 5.12G), both the 
Taklamakan desert and the Chinese loess plateau are possible candidates for the second 
source end-member. In Figure 5.12G, the spread of the peat samples beyond the domain 
of the Taklamakan desert suggests that the Chinese loess plateau may provide a better 
fit. In Figure 5.12B, however, the linear trend formed by the peat samples plots between 
the domains of both possible end-members. This suggests that the second dust end-
member in these models could be either: (i) the Chinese loess plateau; (ii) the 
Taklamakan desert; (iii) a mixture of these two sources.  
The three end-member models (Figs. 5.12A, 5.12C, 5.12D, 5.12E, 5.12F) seem to 
support the latter hypothesis. In these plots, the Taklamakan desert and Chinese loess 
plateau bound the data points relatively well on the two remaining triangle vertices, 
suggesting they could form the two additional end-members of a three-component 
model. The good fit of the Chinese loess plateau as a dust source to the Hongyuan peat 
is supported by published measurements (Jahn et al., 2001; Yokoo et al., 2004), which 
can extend the number of peat samples whose compositions are explained by a 
contribution from this source (Figs. 5.12A, 5.12C, 5.12E). 
It is noted that the deserts of northern China (Badain Jaran and Tengger deserts) 
often plot in the vicinity of Taklamakan desert and could be interpreted either as the 
third end-member in a local-loess-desert mixture (as a replacement for the Taklamakan 
desert) or as an additional source end-member alltogether. If a three-end-member model 
is considered, these deserts do not provide as good a fit as the Taklamakan desert (e.g. 
fewer peat data points could be explained by this source in Figures 5.12B, 5.12C, 5.12E 
and 5.12F than by the Taklamakan desert). For simplicity’s sake, a four-component 
mixing is not considered. Though models with a two-, three- or four-component mixing 
are all possible solutions to explain the composition of the Hongyuan dust, the three-
component mixing solution is chosen here based on the above considerations. It is 
proposed that the composition of the peat samples could be possibly explained by a 
mixture of local dust from the hills surrounding the peat core and long-range dust from 
the Taklamakan desert and Chinese loess plateau.  
Based on the previous discussion, all plots are subsequently interpreted as a three 
component mixing model, with the Tibetan soils, Taklamakan desert and Chinese loess 
plateau as the three source end-members. With the proposed end-members chosen, the 
fraction of dust originating from each of the three sources at any depth can be 
estimated. 
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5.4.3.4. Geochemical models and variations in source contributions 
 
For all plots 5.12A-G, the fraction of dust from each source is estimated  by solving 
three-simultaneous equations: 
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For a given combination of proxies (i.e. plot in Figure 5.12), X and Y are the x-axis and 
y-axis proxy composition of a peat sample, x1, x2 and x3 and y1, y2 and y3 are the x-axis 
and y-axis compositions of the three source end-members, and f1, f2 and f3 are the 
fraction of dust in the peat sample from the respective three sources. To carry out these 
calculations, a single value is needed to represent the composition of each of the three 
potential dust sources. In this chapter, an "ideal" end-member composition is arbitrarily 
selected for the local and loess end-members (red crosses on Fig. 5.12): For each proxy, 
an end-member value is arbitrarily chosen so that its composition encompasses the 
spread of the peat samples and remains close to the domain occupied by the identified 
sources (i.e. local soils, Taklamakan desert and Chinese loess plateau). This value is 
kept constant in the different plots when the same proxy ratio is used (e.g. the "ideal" 
loess end-member composition for Y/TbPAAS in Figures 5.12 A, 5.12B and 5.12G is 
assigned a value of 27.5). The Taklamakan desert end-member composition, however, 
is represented by the true average of the two Taklamakan desert samples. The definition 
of "ideal" end-member compositions makes the contribution calculations only semi-
quantitative but provides a useful way of comparing results from a number of different 
proxies when the spread of the source values is large (for example in the case of the 
loess composition). An indication of the errors on these semi-quantitative calculations is 
provided by solving the equations using the true value of each local and Taklamakan 
desert sample in turn as source end-member composition, thus taking into account the 
spread of source values into the semi-quantitative calculations. A more quantitative 
analysis will be carried out in Chapter 7 based on the bivariate plot of Y/Tb and La/Th 
(Fig. 7.1), using the average value of the source fields as end-member composition. 
With the end-member composition established, the geochemical composition of an 
individual peat core sample can be separated into the contributions from each end-
member. This can be calculated for each plot, providing seven independent means of 
assessing the contributions of the different sources through time.  
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Figure 5.13 displays the variations in contribution from these three sources with 
depth for each bivariate plot. Some samples fall outside of the triangular area marked 
by the red crosses (Fig. 5.12) and were not computed into the three-component mixing, 
leading to the absence of results at certain depths. When this is the case, peat samples 
above and below the missing depth are joined by a dashed rather than a solid line (Fig. 
5.13). As mentioned above, errors on the calculated contributions are estimated based 
on the spread of composition of the Taklamakan and local end-member samples: for 
each bivariate plot, source contributions are calculated for a given sample in turn using 
the end-member composition of each measured Taklamakan (n = 2) and local (n = 9) 
source sample. The standard deviation of the average contribution is then calculated. 
Based on the observation of all plots on Figure 5.12 and their corresponding depth-
series in Figure 5.13, the different phases of the Hongyuan record are interpreted in 
terms of changes in the dominant dust source(s). 
The samples from phase 1 (620-600 cm) fall in between all three end-members on 
the bivariate plots (Fig. 5.12), suggesting that they represent a mixture between the 
three sources. On a closer look, the samples from this phase can be divided into two 
groups following two mixing trends (Figs. 5.12A, 5.12B, 5.12E, 5.12F). While two 
samples fall on a mixing line between the local and Taklamakan desert end-members, 
the remaining two samples plot between the local and loess sources (these phase are 
named 1a and 1b respectively).  Indeed, the profiles in Figure 5.13 show that phase 1 is 
dominated in a first instance by the Taklamakan desert source (30-60% between 620-
610 cm, phase 1a). This dust source subsequently switches off between 610-600 cm, 
with contributions of only ~10%, while non-local input is replaced by the loess end-
member (30-50%, phase 1b). Local contributions are 20-50%, throughout the interval.  
The phase 2 peats (600-460 cm) plot near the local source end-member in all 
graphs (Fig. 5.12), suggesting that the dominant source of dust to Hongyuan during the 
interval was local, with sustained contributions of 50 to over 90% (Fig. 5.13). The 
highest local contributions represent the samples from the mineral-rich layer (Peak I). 
However, some phase 2 samples trend away from the local soils and towards the 
Taklamakan desert, clearly noticeable in Figure 12A, 12B, 12C, 12E and 12G by their 
higher Y/Tb and Sc/La and lower La/Yb compositions. These samples represent a 
sudden increase in the input from the Chinese desert source (30-80%) centred at 520 cm 
and mirrored by a decrease in local dust input. The occurrence around this depth of non-
local input was previously inferred on the basis of Figure 5.9. Besides this excursion,  
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Fig. 5.13. Depth profile of the contribution of the Taklamakan desert (blue line), Chinese loess plateau 
(red line) and Tibetan soils (grey line) to HYLK-1 for each bivariate plot given in Fig. 5.12, calculated as 
a fraction of total deposited dust. Also shown are the position of the different phases of dust deposition 1-
7 and their respective ages. Peaks of non-local input are shown by arrows and dashed lines represent 
intervals with data points falling outside of the region defined by the selected end-members and therefore 
not computed in the fraction calculations. Error bars are given at the 1σ-level and are calculated using the 
composition of each Taklamakan desert sample and each local soil sample as end-member composition. 
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local input dominates this phase and loess and Taklamakan desert contributions 
oscillate frequently around average values of ~20%. 
Phase 3 (460-340 cm) displays similar characteristics to phase 2, with dust 
compositions which are seemingly explained by a mixture between the local soils and 
the Taklamakan desert. Samples from this phase however plot further away from the 
local soil end-member (Fig. 5.12), which would suggest higher proportions of non-local 
material being deposited in the core, in agreement with the conclusions reached based 
on Figure 5.9. Indeed, the profiles of Figure 5.13 exhibit lower local contributions at 
these depths (approximately 25-65% vs. 50-90% in phase 2). Three episodes of non-
local dominance can be observed around 455-445, 420-415 and 390-380 cm (marked by 
arrows on Figure 5.13), where input from the Chinese desert source exceeds that of the 
local dust and increases to 50-60%. Input from the loess end-member is relatively low 
within this interval (5-30% in most profiles). 
The most striking changes in dust composition occur during phases 4 and 6 (340-
195 cm and 150-100 cm respectively). Samples from both groups overlap in all 
bivariate plots (Fig. 5.12) and systematically plot nearest or on the end-member domain 
occupied by the loess samples. The seven independent plots suggest that deposition 
during these two phases originated from a similar non-local source, different to that 
which dominated previously. Based on the rare earth and trace element data, the 
Chinese loess plateau is a likely candidate for the provenance region of this new 
deposited dust (Fig. 5.12). The depth-profiles show a sudden increase of dust input from 
the loess plateau at 340 cm to >40% (Fig. 5.13). This high loess input is sustained 
throughout both phases 4 and 6, with correspondingly low proportions of local input. 
The local contribution is in fact the lowest of the three sources throughout most of these 
intervals (10-20%), with inputs as low as < 5%, notably during phase 6. The 
Taklamakan desert source also displays lower inputs than the loess end-member, 
contributing to 20-30% of the total dust, but on average dust input from this source does 
not change much relative to the previous phases. Overall, non-local input during these 
two phases averages 80-90%, approximately twice that which was observed in phases 
1-3, suggesting an important change in atmospheric circulation above this region, 
allowing more non-local dust to be deposited. Given that input from the Chinese desert 
end-member remains relatively unchanged from the previous phases to phases 4 and 6, 
this change in atmospheric conditions seems to predominantly affect dust input from the 
loess plateau in northern China.  
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The period between these two dust excursions, represented by phase 5 (195-150 
cm), marks a return towards more local dust deposition, with peat samples plotting 
closer to the local end-member (Figs. 5.12A, 5.12B, 5.12D). However, samples from 
this phase also show a large spread along a mixing line between the Tibetan soils and 
the loess plateau (Figs. 5.12A, 5.12C, 5.12E, 5.12F and between the Tibetan soils and 
the Chinese desert (Figs. 5.12B and 5.12D). This spread suggests that some episodes 
within this phase were dominated mainly by local deposition while others were 
characterized by fairly high proportions of non-local material from both distal sources. 
Based on Figure 5.13, local input varies indeed between approximately 10 and 70%, 
with occasional spikes of higher input from the loess plateau or the Taklamakan desert. 
Finally, the dust recovered from the uppermost peat samples (phase 7, 100-0 cm) 
marks a sustained period of local dominance, with most samples plotting within the 
local Tibetan soil domain or that defined by the mineral-rich layer (Fig. 5.12). Inputs 
from this end-member exceed 50% and generally average 70-90% (Fig. 5.13). A short 
interval of increased Taklamakan desert input, centred on 62-50 cm, can be observed in 
some profiles. There, local contributions decrease to ~50% and the desert dust 
proportions increase to ~40%. The variations in source contributions described here are 
generally consistent in all profiles (Fig. 5.13), suggesting that changes in dust 
provenance can be confidently interpreted as changes in atmospheric circulation. 
 
5.4.4. Palaeoclimate reconstructions at Hongyuan 
 
5.4.4.1. Relationships between dust source changes and past atmospheric circulation in 
central Asia 
 
Changes in the source of dust being deposited in the Hongyuan peatland are a 
direct reflection of the winds and atmospheric circulation patterns that prevailed over 
northern China and the eastern Tibetan Plateau during the Holocene. The dominant 
wind systems capable of transporting dust from the two non-local sources of dust 
inferredt to be deposited in the core, the Chinese loess plateau and the Taklamakan 
desert, are briefly described here.  
The dominant wind system which frequently passes over the aeolian deposits of 
northern China is the low-level (< 3000 m) northerly winter monsoon (Sun, 2002; 
Zhang et al., 2003a, 2003b). Monsoonal winds are responsible for dust deposition and 
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mobilization in the loess plateau as well as the Badain Jaran and Tengger deserts (An, 
2000; Sun et al., 2001; Zhang et al., 2003b) and transported dust particles are carried 
southwards (Sun et al., 2001), including towards the eastern Tibetan Plateau. Following 
from this scenario, periods when dust from the Chinese loess plateau dominated the 
recovered signal at Hongyuan could be interpreted as times when the winter monsoon 
was prevailing in this region.  
Above the Taklamakan desert, outbreaks of cold fronts and cyclonic activity 
originating from Siberia cause large amounts of material to be lifted into the 
troposphere to ~8000 m. These particles are then captured by the high-level Westerlies 
prevailing above 5000 m (Sun et al., 2001) and transported eastward above the eastern 
Tibetan Plateau and towards the Pacific ocean (e.g. Lee et al., 2010). Changes in dust 
input from the Taklamakan desert could therefore provide information on changes in 
the pathway and strength of the Westerlies over the eastern Tibetan Plateau. 
Variations in the source of the non-local dust deposited in the Hongyuan peat core 
can thus provide a direct chronology of the prevailing wind systems in this region 
throughout the Holocene and offer useful constraints on atmospheric circulation 
patterns.  
 
5.4.4.2. History of dust deposition: Implications for changes in atmospheric circulation 
 
The proposed temporal record of changing dust input from the loess plateau and 
Taklamakan desert sources are presented in Figure 5.14 (as the average of all profiles 
shown in Figure 5.13) along with the total dust fluxes reaching the peat. Dust fluxes, or 
net accumulation rate, Φ (g m-2 y-1) were calculated as follows: 
100*
t
hc
i



 
where ρ is the peat density (g cm-3), h the thickness of the sample (cm), ci the inorganic 
(ash) concentration of the sample, taken as the ash content (cg g
-1
), Δt the time interval 
represented by each sample (yr) and 100 is a unit conversion factor. The baseline flux, 
as defined by the ash content (Fig. 5.2), is 7.3 ± 7.5 g m
-2
 y
-1
 (2σ, n = 61).  
It is proposed that the two time series of source contributions provide information 
on changes in the prevailing wind pattern in the region (winter monsoon or Westerlies), 
while changes in dust fluxes are likely to be a function of variations in atmospheric 
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transport mechanisms, such as wind strength, or of the availability of fine grained 
material in the source region. 
The temporal record of dust contributions from the Chinese loess plateau (series 
14B) can be divided into three intervals: relatively low inputs between 9.5-4.9 kyr, with 
estimated contributions of 25% on average, sustained high inputs between 4.9-0.9 kyr, 
with estimated contributions of 60%, and finally a reduction in deposition from this 
source in the last 0.9 kyr to inputs of 15-20%. The sudden input of dust from the loess 
plateau at 4.9 kyr suggests a change in atmospheric circulation over the eastern Tibetan 
Plateau, with the winter monsoon winds prevailing over this region for the subsequent 4 
kyr. This state is interrupted between 2.5-1.7 kyr by a decrease in loess contributions to 
the total dust deposited to approximately 40%, which remains higher than the 
contributions observed during the early Holocene between 9.5-4.9 kyr. Within this 
episode of winter monsoon dominance over the plateau, the periods between 3.1-2.7 
and 1.4-0.9 kyr (Peaks II and IV) were also characterized by higher than average dust 
fluxes, suggesting that not only was there a potential shift in atmospheric circulation at 
4.9 kyr to a dominant winter monsoon regime over the Tibetan Plateau, but also a 
significant strengthening of this wind system between 3.1-2.7 and 1.4-0.9 kyr. 
The time series of dust input from the Taklamakan desert throughout the past 9.5 
kyr (series 14C) displays frequent oscillations around a mean estimated contribution to 
the peat of approximately 30%. This suggests that the Westerly jet may have actively 
transported material from the Taklamakan desert to the peatland throughout most of the 
Holocene, but that the strength or position of this current, or the availability of material 
in the source region, may have oscillated in the last 10 kyr to produce the spiked pattern 
observed in the profile. Six periods of pronounced input are observed: between 9.5-9.4, 
8.0-7.8, 6.8-6.6, 6.2-6.1, 1.6-1.5 kyr and <0.3 kyr. This could suggest that either: (1) the 
Westerlies were stronger at these times; (2) they were located far enough south to 
transport higher proportions of material to the core; or (3) warmer and wetter conditions 
prevailed over the source region, transporting more material from the surrounding 
mountains to the desert and increasing the amount of fine grained material available for 
long-range transport. Particularly low inputs of dust from the Taklamakan desert are 
observed between 7.7-6.9 kyr, throughout the mineral-rich layer, and between 6.4-6.2, 
1.9-1.8 and 0.9-0.3 kyr. Apart from the mineral-rich layer, these intervals are 
characterized by baseline fluxes and suggest either a reduced effect of the Westerlies at  
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Fig. 5.14. Age profiles of: (A) the total dust fluxes deposited in the core Φ = ρhci/Δt * 100 (g m
-2
 y
-1
) and 
relative dust contributions to the HYLK-1 peat core from: (B) the Chinese loess plateau, (C) the 
Taklamakan desert and (D) the Tibetan soils, plotted as the average of all profiles shown in Figure 5.13. 
The ages of the different dust deposition phases are shown in red and white. Results are compared to 
previously published cold (blue intervals), dry (yellow intervals) and wet (green intervals) periods 
identified in HYLK-1 (Large et al., 2009), central Tibet (Herzschuh et al., 2006; Wu et al., 2006) and 
central China (Jin and Liu, 2002). 
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these times, through a weakening or a northward shift of this wind system, or dryer, 
colder conditions in the source region limiting the transport of fine material into the 
desert and its availability for transport. The period between 7.7 and 6.9 kyr is marked 
by a 40-fold increase in dust fluxes to values > 180 g m
-2
 y
-1
 defining the mineral-rich 
layer. Given the substantial amount of material that was deposited during this time, any 
long-range signal present is likely to have been overwritten by the local dust signature 
and interpretations about regional atmospheric circulation are not justifiable.  
 
5.4.4.3. Implications for the local conditions on the eastern Tibetan Plateau 
 
Variations in the proportion and total amount of local dust being recovered from 
the peat core are likely to result from the balance between changes in local conditions 
on the plateau (affecting the amount of dust available for deposition) and changes in 
regional atmospheric circulation (affecting the relative deposition of non-local to local 
dust). Large et al. (2009) provided a complete history of the local climatic and 
hydrological conditions at Hongyuan, inferred from the carbon density and δ13C of the 
HYLK-1 core, with a specific focus on the responses of the living peat to environmental 
change. These measurements allowed the interpretation of the record in terms of 
changing local temperature and humidity conditions (Fig. 5.14). 
Looking at the relationship between environmental conditions on the eastern 
Tibetan Plateau and dust input to the peat, it seems that input of local material may 
partly respond to temperature fluctuations on the plateau. Cold, permafrost periods are 
reported from 8.6-8.5, 8.0-7.1, 5.5-3.5 and 1.0-0.8 kyr (Large et al., 2009) and are 
followed by an increase in local contributions to the total deposited dust, including the 
mineral-rich layer between 7.7-6.9 kyr. Other palaeoenvironmental records from central 
China and central Tibet reveal similar cold conditions between 8.7-8.3 kyr, 7.5-7.4 kyr 
and 4.1-3.5 kyr (Herzschuh et al., 2006), between 5.7-5.5 kyr (Jin and Liu, 2002) and 
1.7-1.0 kyr (Xu et al., 2006), which are also followed by an increase in the relative 
proportion of local dust. The increase in local material after an enhanced cold period 
may be a result of permafrost melting, which would allow large quantities of local 
material to be washed onto the surface of the bog. This mechanism may have 
particularly affected the mineral-rich layer, which is accompanied by a substantial 
increase in dust fluxes of local material.  
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Carbon isotopes and carbon density measurements in the Hongyuan peat suggest 
that the period between 2.0-1.4 kyr was marked by a return to dryer conditions (Large 
et al., 2009). The start of this dry period between 2.0 and 1.7 kyr is characterized by the 
dominance of local dust in the peat core, accompanied by an increase in dust fluxes to 
14-17 g m
-2
 y
-1
 between 1.9-1.7 kyr (Peak III, Fig. 5.14). This suggests that a 
pronounced increase in the quantity of local dust was provided to the peat at times when 
conditions on the plateau were particularly dry. A sediment core at Cuoe lake, central 
Tibet, also records dry conditions on the plateau in the past 2.0 kyr (Wu et al., 2006), 
which can be matched with periods of higher relative inputs from the local Tibetan soils 
between 2.0-1.7 and <0.9 kyr in HYLK-1.  
On the contrary, a decline in δ13C between 6.6-5.5, 5.0-4.6 and 3.4-2.1 kyr 
indicates changes to wetter conditions (Large et al., 2009) and these intervals 
correspond to periods of low or decreasing local contributions to the core. This 
relationship indicates that wetter conditions may have an effect on the emission 
potential of soils, possibly through increased inter-particle cohesion forces preventing 
the mobilization of finer dust particles, and hence their introduction into the peat core. 
The effect of soil moisture on the emission potential of soils has been addressed in a 
number of experimental and modelling studies. Indeed, results have shown that 
variations in soil moisture do not significantly affect overall annual emissions from arid 
regions such as the Taklamakan desert but may significantly reduce the emission 
potential of soils with a high clay content such as the Tibetan soils measured here 
(Fecan et al., 1999; Laurent et al., 2006).  
 
5.5. Conclusions 
 
This chapter presents the major, trace and rare element composition of atmospheric 
dust deposited in a 
14
C-dated peat core from the eastern Qinghai-Tibetan Plateau during 
the last 9.5 kyr. The potential of the REE, Sc, Y and Th in peat as tools to investigate 
past changes in dust provenance was explored and changes in these proxies were linked 
to regional atmospheric circulation and variations in local climate. The main 
conclusions are: 
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1) The REE and trace elements Sc, Y and Th are immobile in peat and are useful 
indicators of changes in the relative flux and sources of dust deposited in this 
matrix. 
2) Analysis of different REE and trace element-based ratios in the peat samples 
and dust samples from the different potential source regions (local soils, Chinese 
loess plateau, deserts of northern and northwestern China and northwestern 
India) show that careful examination of a wide range of provenance tracers must 
be carried out in every new study area in order to determine the ratios most 
indicative of the respective sources and therefore sensitive to changes in their 
relative contributions at the site of deposition. The ratio Y/TbPAAS was found to 
be particularly useful for provenance tracing in central Asia as it shows 
variability within the core and distinguishes unambiguously between the 
compositions of the different potential sources. Other useful proxies for the 
tracing of Asian dust in climate archives include La/Th, La/Yb, Sc/La, Y/La, 
Y/∑REE, Th/Sc and Th/∑REE (all REE values are normalized to PAAS). 
3) Based on combinations of different provenance tracers measured in the core and 
dust sources, the main sources of dust to the eastern Tibetan Plateau are 
interpreted to be the Taklamakan desert of northwestern China, the Chinese 
loess plateau of northern China and the local Tibetan soils. The absence of a 
geochemical signal indicative of the Thar desert in India suggests that the Indian 
monsoon did not provide dust to the Hongyuan core at any stage in the past 9.5 
kyr. This is important for the understanding of the interactions between the 
Indian and East Asian sub-systems of the Asian monsoon as well as to constrain 
the location of the boundary between these systems. The results suggest that this 
boundary may have moved during the Holocene and its assignment to the 
longitude 105°E throughout this period may not be accurate. 
4) The contributions of the three dominant sources of dust to the peat at each depth 
recorded in the core can be estimated semi-quantitatively by solving a 
simultaneous three equations-three unknowns system based on a series of 
independent provenance tracing plots. Different phases of non-local dust 
provenance are observed, indicative of changes in regional atmospheric 
circulation: 
(a) Proposed dust contributions from the Taklamakan desert to the peat could 
reflect either the path or strength of the Westerlies over the eastern Tibetan 
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Plateau or environmental conditions in the Taklamakan desert affecting 
the availability of fine grained material for transport. They oscillate around 
a relatively constant contribution of approximately 30% throughout the 
Holocene, suggesting that the Westerlies may have circulated above the 
eastern Tibetan Plateau for the last 9.5 kyr. Episodes of particularly high 
dust input from the Taklamakan desert are observed between 9.5-9.4, 8.0-
7.8, 6.8-6.6, 6.2-6.1, 1.6-1.5 and < 0.3 kyr, which likely indicates either 
the strengthening of the Westerlies, a southern shift of their position closer 
to the peat core, or increased transport of fine grained material from the 
surrounding mountains to the desert. 
(b) Dust particles from the Chinese loess plateau are transported south by the 
northerly winds of the East Asian winter monsoon. A sudden increase of 
dust contributions from this source to the peat is observed at 4.9 kyr and is 
sustained for most of the subsequent 4 kyr. This indicates that the winter 
monsoon was the prevailing wind system over the eastern Tibetan Plateau 
during most of the late Holocene. The periods between 3.1-2.7 and 1.4-0.9 
kyr are also characterized by a sudden increase in dust fluxes from this 
source, suggesting that the strength of the East Asian winter monsoon 
increased significantly during these times. Unlike the Taklamakan desert, 
the availability of material in the loess plateau is unlikely to be limited by 
changing environmental conditions given the large extent of the loess 
deposits and the similarity in their grain size. Changes in input from this 
source are likely only influenced by changing atmospheric circulation. 
5) Variations in the input from the local Tibetan soils to the peat likely result from 
changes in the local climate conditions on the eastern Tibetan Plateau. 
Comparison of the Hongyuan dust record to palaeoenvironmental studies of 
temperature and humidity fluctuations at the core location or in other regions of 
central China and the central Tibetan Plateau indicate that dry conditions may 
lead to increased dust emissions from the Tibetan soils, while enhanced soil 
moisture during wet phases can reduce the emission potential of this source. 
6) These results show that studies of dust deposition in climate archives not only 
provide information on past environmental conditions and their change as well 
as atmospheric circulation, but also offer the possibility to test results from 
regional and global climate models and provide constraints for input parameters. 
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Only the combination of both analytical and modelling studies will allow a 
better understanding of the global dust cycle and its implications for past 
atmospheric circulation and environmental change. 
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Chapter 6 
 
Lead atmospheric deposition rates and 
isotopic trends in Asian dust recorded in 
the Hongyuan peat 
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Abstract 
 
Lead isotopes can be useful indicators of the provenance of mineral dust deposited 
in terrestrial settings and may provide additional information regarding the source of the 
dust deposited in the Hongyuan peat bog during the Holocene. In addition, the study of 
Pb deposition in environmental archives such as the Hongyuan peat can shed light on 
the impacts of increasing anthropogenic activities. In this chapter, the changes in the 
concentrations, fluxes and isotopic signature of Pb deposited in the Hongyuan peat bog 
are studied, presenting the first peat record of the changing isotopic composition of 
atmospheric Pb in dust in Asia during the Holocene. Lead concentrations and fluxes 
vary between 2.96-21.58 μg g-1 and 0.06-3.52 mg m-2 y-1 respectively, with an average 
Pb baseline of 6.80 ± 4.18 μg g-1. These values agree with other Pb studies of lake and 
peat archives in China but are one order of magnitude larger than early and mid-
Holocene values measured in Europe. Lead isotopic variability throughout the core is 
small, varying between 
206
Pb/
207
Pb = 1.190-1.197, 
206
Pb/
204
Pb = 18.648-18.786, 
207
Pb/
204
Pb = 15.666-15.694 and 
208
Pb/
204
Pb = 38.890-39.090. The application of 
Bayesian trans-dimensional change point modelling to the Pb dataset enabled the 
identification of eight significant changes in the isotopic composition of the deposited 
Pb. Such changes mark different phases of atmospheric Pb deposition, and hence 
variations in atmospheric circulation patterns and environmental conditions. Temporal 
variations in the potential natural and/or anthropogenic Pb sources is assessed based on 
the 
206
Pb, 
207
Pb, 
208
Pb and 
204
Pb isotopic composition and the 1/[Pb] ratio of the peat 
samples. The results suggest that Pb deposition throughout the Holocene was governed 
by local deposition and long-range input from natural dust sources in northwestern 
(Taklamakan desert and Qaidam basin) and northern China (Badain Jaran and Tengger 
deserts). Input from the northern sources seems to have been particularly important 
between 3.1-2.7 kyr BP and 1.7-0.9 kyr BP, suggesting a possible strengthening of the 
East Asian winter monsoon, in agreement with previous reconstructions in Asia. Based 
on the Pb/Sc and isotopic composition profiles, there is no evidence for anthropogenic 
Pb derived from the thriving mining or smelting activities in northern and eastern China 
in the last few millennia, suggesting that atmospheric deposition to this region of the 
eastern Tibetan Plateau was dominated by natural Pb fluxes. These can serve as a true 
Asian “background” value against which anthropogenic impacts can be quantified. The 
results presented in this chapter confirm that the combination of radiogenic isotopes 
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(Pb) and trace elements in peat bogs enables observational reconstructions of changes in 
past regional atmospheric circulation. Such records will enable more refined 
interpretations of marine and terrestrial palaeorecords in Asia and the Pacific and 
consequently provide further constraints for changes in ocean and atmospheric 
circulation and for the testing of palaeoclimate models of circulation patterns. 
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6.1. Introduction 
 
Lead is a key element for geochemical studies of past climate change, e.g. as a 
tracer of changes in oceanic (Van de Flierdt et al., 2003) and atmospheric (Grousset and 
Biscaye, 2005) circulation patterns, as well as for environmental studies, as it enables 
the tracing of emission sources and the identification of the onset of large scale 
pollution in marine and terrestrial environments. Various archives have been used for 
the study of past Pb deposition and pollution, such as lake sediments (Brannvall et al., 
1999; Renberg et al., 2000; Bindler et al., 2001; Eades et al., 2002; Renberg et al., 
2002), ice (Hong et al., 1994; Hinkley et al., 1999; Barbante et al., 2004; Schwikovski 
et al., 2004; Vallelonga et al., 2005; Van de Velde et al., 2005), peat (see reviews from 
Dunlap et al. (1999) and Kylander et al. (2010)) and soil profiles (Bindler et al., 1999; 
Kylander et al., 2008), with a strong focus on the European continent. All studies 
emphasize concurrent changes in the Pb record linked to the history of development and 
advances in European mining, metallurgy and industrial activities from antiquity to 
modern times (Nriagu and Pacyna, 1988).  
The study of atmospheric Pb fallout in environmental archives such as the 
Hongyuan peat has the further potential to examine the natural transport of Pb before 
the start of human forcing on its cycling. Pb is emitted naturally through soil erosion as 
a part of Earth surface processes, linking the Pb cycle to environmental change. While 
pollution signals often override natural concentrations in recent times, studies of core 
sections before the onset of atmospheric pollution have allowed the determination of 
local baselines of metal fluxes against which modern day pollution can be quantified 
(Hong et al., 1994; Shotyk et al., 1998; Bindler et al., 1999; Shotyk et al., 2001; 
Klaminder et al., 2003; Kylander et al., 2005) and climatic events such as periods of 
potential atmospheric re-organizations (Shotyk et al., 2001; Weiss et al., 2002a) and 
Saharan aridification (Kylander et al., 2005). The Hongyuan peat core provides a 
unique opportunity to carry out such studies on the Asian continent. 
Stable Pb isotopes (
204
Pb, 
206
Pb, 
207
Pb and 
208
Pb) are powerful tools for tracing the 
source of atmospheric deposition in peat. These effective “fingerprints” allow the 
distinction between natural (mainly derived from soil dust and volcanoes) and 
anthropogenic sources (coal/ores/gasoline, see Komarek et al. (2008) for a review). 
Lead fluxes and isotopic composition have been widely measured in peat cores to 
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reconstruct pollution sources and history in western (Martinez Cortizas et al., 1997; 
Cortizas et al., 2002; Kylander et al., 2005), central (Shotyk, 1996; Shotyk et al., 1998; 
Weiss et al., 1999a; Novak et al., 2003; Le Roux et al., 2005; Mihaljevic et al., 2006) 
and northern Europe (Brannvall et al., 1997; Farmer et al., 1997; Bindler et al., 1999; 
Klaminder et al., 2003; Le Roux et al., 2004), as well as North America (Weiss et al., 
2002b; Kylander et al., 2009). Long-term records have also enabled the study of periods 
of environmental change, e.g. variations in dust supplied to a bog in eastern Australia 
(Kylander et al., 2007) and Younger Dryas-like events in South-East Asia (Weiss et al., 
2002a).  
However, long-term environmental records of atmospheric Pb deposition in Asia, 
and in China specifically, are still lacking. Lake (Lee et al., 2008; Wang et al., 2010) 
and soil (W. Zhang et al., 2008a) profiles have provided useful information on early 
human activities. Lee et al. (2008) showed increasing Pb concentrations from 3000 
B.C. in a sediment core in Liangzhi Lake, Hubei province (Fig. 6.1), while W. Zhang et 
al. (2008a) placed the onset of significant human contamination at ca. 300 A.D. in a soil 
profile in Nanjing. Recently, two peat studies have provided the first estimations of past 
aerosol Pb concentrations in Chinese peatlands. In the northeast, a 
210
Pb-dated core 
indicates a significant increase in Pb concentrations since ca. 1830, with a peak in the 
last 50 years corresponding to maxima in coal burning (Bao et al., 2010). In central 
China, on the Hongyuan peatland, increases in Pb, Cu and Zn are correlated with the 
intensification of human activities in the nearby Gansu/Qinghai province between 5.4-
4.0, 3.0-2.5 and 2.0-1.0 kyr (Yu et al., 2010).  The measurement of Pb isotopes in the 
Hongyuan peat core (Fig. 6.1) would therefore allow to: (i) provide the first 
comprehensive record of changing Pb deposition in Asia during the Holocene and (ii) 
provide additional information complimenting the REE dataset regarding the main 
sources of dust to the peatland and the major periods of environmental change on the 
eastern Tibetan Plateau. 
The following objectives were outlined in this chapter: (i) present Pb 
concentrations, fluxes and enrichment in the peat core during the Holocene; (ii) 
measure the isotopic composition of the deposited Pb in terms of 
204
Pb, 
206
Pb, 
207
Pb and 
208
Pb and determine the major phases of atmospheric Pb deposition based on Pb 
enrichments and isotopic composition; (iii) carry out a source assessment and determine 
the main controls on Pb provenance, investigating potential inputs from the deserts and 
loess deposits of northern China; (iv) investigate the environmental implications of the 
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Hongyuan record by comparing it to other Holocene records around the eastern Tibetan 
Plateau and explore potential evidences of human activities on the Pb composition of 
the atmospheric aerosols as well as possible changes in Asian Monsoon strength; (v) 
compare the Pb record to the record of changing dust sources obtained from the REE 
analysis presented in Chapter 5 and integrate both sets of results into a unique scheme 
of palaeoenvironmental implications at Hongyuan. 
 
6.2. Materials and methods 
  
6.2.1. Lead analyses by Q-ICP-MS 
 
The same peat samples which were digested for the major, trace element and REE 
analysis (Chapter 5) were analyzed for Pb by quadrupole-inductively-coupled plasma 
mass spectrometry (Q-ICP-MS), during the same runs as the other trace elements. 
Procedures relating to the digestion and analysis of these samples were described in 
Chapter 5. Precision and accuracy of the Pb measurements were also determined using 
repeat measurements of the reference material USGS G-2 granite (n = 12) and were 6% 
and 2% respectively. 
 
6.2.2. Lead isotope analyses by MC-ICP-MS 
 
Forty-two samples were selected for isotopic analysis. Lead was isolated by ion 
exchange chromatography with an EiChrom selective extraction resin following the 
procedure outlined by Weiss et al. (2004). Lead isotope ratio analyses were made on a 
Nu Plasma (Nu Instruments Limited, UK) multi collector ICP-MS with the help of 
Shuofei Dong. The samples were introduced with a Nu DSN-100 Desolvation 
Nebulizer System and PTFE nebulizer. Samples and NIST-SRM 981 Pb standards were 
doped with NIST-SRM 997 Tl of the same Pb/Tl ratio (5:1) and concentrations. The 
instrument mass bias was corrected using the Tl ratio optimization method described by 
Weiss et al. (2004). To assess the precision and accuracy of Pb isotope ratio 
measurements, aliquots of NIST-SRM 981 and certified reference material USGS G-2 
granite were measured over a three month period. Repeat measurements gave values of 
206
Pb/
204
Pb = 16.9436 ± 0.0007, 
207
Pb/
204
Pb = 15.4999 ± 0.0009, and
 208
Pb/
204
Pb =  
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Fig. 6.1. Map showing the location of the Hongyuan peat core. Arrows indicate the approximate wind 
directions associated with the East Asian summer and winter monsoons, the Indian summer monsoon and 
the Westerly jet. The long-range natural sources of Pb considered in this study are the Taklamakan desert 
and Qaidam basin of northwestern China and the Badain Jaran desert, Tengger desert and Chinese loess 
plateau of northern China. Ancient centres of mining/smelting activities with available Pb data are shown 
and are the Baishantang mine in the Gansu province (Dodson et al., 2009) and different sites in the Hubei 
(1), Jianxi (2) and Heinan (3) provinces (Peng et al., 1999). The location of other environmental archives 
to which the HYLK-1 core is compared are also shown and include Lianghzi Lake (Lee et al., 2008), the 
Motianling peatland (Bao et al., 2010) and Lake Huguang Maar (Yancheva et al., 2007).  
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36.7286 ± 0.0016 for NIST-SRM 981 (n= 75), and 18.416 ± 0.007, 15.636 ± 0.007, 
38.894±0.021 for 
206
Pb/
204
Pb, 
207
Pb/
204
Pb, and
 208
Pb/
204
Pb for USGS G-2 Granite (n = 
16). The accuracy of USGS G-2 granite was in agreement with published data (18.396 
± 0.023, 15.636 ± 0.005, 38.900 ± 0.019 respectively, Weis et al., (2006)). USGS G-2 
samples were digested, separated and measured with each batch of peat samples, so 
accuracy and precision errors on core measurements are estimated using this reference 
material, giving a more conservative estimate of error than with synthetic Pb solutions. 
 
6.3. Results and discussion 
 
6.3.1. Lead concentrations, fluxes and enrichment 
 
6.3.1.1. Lead concentrations 
 
Figure 6.2 displays the Pb concentration, flux, Pb/Sc ratio and enrichment profiles 
of HYLK-1. Pb concentrations vary between 2.96 and 21.6 μg g-1 and are strongly 
correlated to the ash profile (r
2
 = 0.91, n = 93), suggesting that most of the 
concentration of Pb in each sample is supplied by soil dust. The highest Pb contents 
(>10 μg g-1) are observed in the mineral-rich layer (Peak I) between 510-460 cm (17.1-
21.6 μg g-1), the three high-ash layers (Peaks II-IV, 9.97-16.9 μg g-1) and in the upper 
40cm of the profile (9.51-12.7 μg g-1). The average concentration of the remaining 
samples is 6.80 ± 4.18 μg g-1 (2σ, n = 63, excluding one anomalously high sample at 
442.5 cm), and this average is called the Pb baseline (Fig. 6.2). This value is similar to 
that measured in other Chinese archives, e.g: 15-18 μg g-1 (Lee et al., 2008) and ca. 3 
μg g-1 (Yu et al., 2010) but one order of magnitude higher than the pre-anthropogenic 
backgrounds measured prior to ca. 1000 BP in Europe: 0.10-0.78 μg g-1 (Shotyk et al., 
1998, 2001; Klaminder et al., 2003; Le Roux et al., 2004; Kylander et al., 2005; Le 
Roux et al., 2005). 
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Fig. 6.2. Depth profiles of the Pb concentration (μg g-1), Pb flux, ΦPb = 10*[Pb]*ρ*h/Δt, (mg m
-2
 y
-1
), 
Pb/Sc ratio and EFPb (normalized to Peak I) in HYLK-1. The positions of Peaks I-IV are highlighted in all 
profiles. The average Holocene Pb concentration and flux baseline as defined in section 6.3.1.1 
(excluding Peaks I-IV and one high Pb sample at 442.5 cm) are shown, as well as the phases of change in 
in Pb/Sc and EFPb defined in section 6.3.1.3 (the intervals representative of the three phases are shown in 
blue and orange). 
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6.3.1.2. Lead accumulation rate 
 
The Pb flux, or net accumulation rate, ΦPb (mg m
-2
 y
-1
) was calculated as follows: 
ΦPb = 10*[Pb]*ρ*h/Δt 
where [Pb] is the concentration of each sample (μg g-1), ρ its bulk density (g cm-3) , h 
the sample thickness (cm), Δt the time elapsed (years) and 10 is a unit conversion 
factor. ΦPb varies between 0.06-3.52 mg m
-2
 y
-1
 in the core (Fig. 6.2) and Peak I 
displays the highest fluxes (2.07-3.52 mg m
-2
 y
-1
). Values during peaks II to IV vary 
between 0.43-0.96 mg m
-2
 y
-1
. The average baseline flux is 0.22 ± 0.24 mg m
-2
 y
-1
 (2σ, 
n =60).  
 
6.3.1.3. Pb/Sc ratio and enrichment factors 
 
To account for variations in mineral dust input and differences in peat density, Pb 
is normalized to a conservative, lithogenic element. The choice of Sc not only allows 
for these corrections but also for the distinction between potential natural and human-
induced Pb deposition as Sc has no known anthropogenic source (Shotyk, 1996; Shotyk 
et al., 1996, 2001). The Pb/Sc values between 620-340 and 195-70 cm are 1.71 ± 0.45 
(2σ, n = 27) and 1.77 ± 0.47 (2σ, n  = 21) respectively, while between 340-195 cm, 
values drop to 1.35 ± 0.41 (2σ, n = 15). The upper 70 cm of the core are characterized 
by Pb enrichments relative to Sc. Pb/Sc increases slowly to 2.06 ± 1.24 (2σ, n  = 5) until 
10 cm and then steeply to 2.69 ± 1.35 (2σ, n  = 5) until the top of the core. The absence 
of any significant Pb decoupling relative to Sc at depths greater than 10 cm suggests 
that the deposited Pb is mainly crustal in origin. 
Lead Enrichment Factors (EFPb) are calculated as follows: 
EFPb = (Pb/Sc)Sample / (Pb/Sc)Reference 
The reference values are taken from the mineral-rich layer. These samples were chosen 
because (i) they present the most constant Pb/Sc values of the entire profile (1.59 ± 
0.11, 2σ, n = 10); (ii) if the input of local dust was dominant during peak I, it is possible 
that local material was also deposited at other times during the Holocene. As the 
mineral-rich layer represents nearly 100% of local dust, changes in EFPb can provide 
information on periods where non-local input may have been important.  
The EFPb values are fairly constant and mirror the Pb/Sc profile (Fig. 6.2). Only the 
top 70 cm of the core presents Pb enrichments higher than 1.5 and below this depth, the 
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core can be divided into three intervals. Between 620-340 and 195-70 cm, EFPb = 1.1 ± 
0.1 (2σ, n = 48) where Pb/Sc was 1.71 ± 0.45 (2σ, n = 27) and 1.77 ± 0.47 (2σ, n = 21) 
respectively. Between 340-195 cm, EFPb drops to 0.8 ± 0.1 (2σ, n = 15) and Pb/Sc to 
1.35 ± 0.41 (2σ, n = 15).   
 
6.3.2. Pb isotopes and phase determination 
 
6.3.2.1. Isotopic composition of the core 
 
The 
206
Pb/
207
Pb, 
206
Pb/
204
Pb, 
207
Pb/
204
Pb and 
208
Pb/
204
Pb isotopic ratio (IR) profiles 
of HYLK-1 are shown in Figure 6.3. The 
206
Pb/
207
Pb values vary between 1.190 and 
1.197, typical of soil dust (Kylander et al., 2010 and references therein) and of pre-
pollution aerosols measured in European and North American peat bogs, for example 
1.18-1.19 in Germany (Le Roux et al., 2005), 1.193 in the Czech Republic (Novak et 
al., 2003), > 1.194 in Switzerland (Shotyk et al., 2001), 1.190 ± 0.006 in Canada 
(Kylander et al., 2009). They are also in agreement with the Holocene 
206
Pb/
207
Pb 
presented by Lee et al. (2008) in Liangzhi Lake (1.184-1.194). The
 206
Pb/
204
Pb, 
207
Pb/
204
Pb and 
208
Pb/
204
Pb profiles vary between 18.648-18.786, 15.666-15.694 and 
38.890-39.090 respectively in HYLK-1, slightly less radiogenic than crustal signatures 
(Asmerom and Jacobsen, 1993; Hemming and McLennan, 2001; Millot et al., 2004). 
The spread of local values, represented by the 2σ-variation of the mineral-rich layer 
(95% confidence interval), is represented by a grey bar (Fig. 6.3). This signature, 
representing the local Pb background of the Hongyuan peat record, is characterized by 
206
Pb/
207
Pb = 1.196 ± 0.002, 
206
Pb/
204
Pb = 18.758 ± 0.035, 
207
Pb/
204
Pb ± 15.681 ± 0.004 
and 
208
Pb/
204Pb = 39.045 ± 0.055 (2σ, n = 10), as well as Pb/Sc = 1.59 ± 0.11. 
The most prominent features of the isotopic signature of HYLK-1 are two 
excursions to less radiogenic values observed in all profiles between 230-215 cm (n = 
2) and 140-100 (n = 4), labelled E1 and E2 (Fig. 6.3), as well as an excursion to less 
radiogenic values at depths shallower than 40 cm, observable in the 
206
Pb/
207
Pb and 
206
Pb/
204
Pb profiles (E3). During E1 and E2, 
206
Pb/
207
Pb decreases from 1.195 ± 0.001 
below 230 cm (n = 25) to 1.190-1.192 during E1 and E2, 
206
Pb/
204
Pb from 18.758 ± 
0.035 to 18.648-18.677, 
207
Pb/
204
Pb from 15.687 ± 0.005 to 15.666-15.667 and 
208
Pb/
204
Pb from 39.041 ± 0.033 to 38.890-38.927. Both excursions are related to the 
high ash and high Pb concentration Peaks II and IV (Fig. 6.2), suggesting that the 
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Fig. 6.3. Depth profiles of the 
206
Pb /
207
Pb, 
206
Pb/
204
Pb, 
207
Pb/
204
Pb and 
208
Pb/
204
Pb isotopic ratios in 
HYLK-1. The grey bars indicate the 2σ-variation of the mineral-rich layer (95% confidence interval) as a 
representation of the local Pb signature. The two significant isotopic excursions observed in all profiles 
are marked by a bar and labelled E1 and E2. The positions of Peaks I-IV are shown in the 
206
Pb /
207
Pb 
profile and highlighted in all others. Error bars are given at the 2σ-level. 
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change in the composition of the deposited Pb is accompanied by an increase in 
deposition flux. Even though absolute isotopic variations are small, the difference 
between E1 or E2 and the lowest values of the local signature (represented by the lower 
limit of the grey bars, Fig. 6.3) is significant at the 99.9% confidence interval given the 
conservative analytical error measured using repeat measurements of USGS G-2 granite 
(t-test, n = 16, α = 0.001). 
 
6.3.2.2. Change point modelling 
 
Subtle changes in isotopic composition may reflect variations in the source of 
deposited Pb and therefore the introduction of one or more non-local Pb component(s). 
The timing and location of concurrent changes in Pb isotopes must be quantified 
objectively to aid the identification of natural or anthropogenic Pb sources and interpret 
the source changes in terms of potential climatic or environmental processes. Given the 
relatively small spread in isotopic values throughout the core, a Bayesian Markov chain 
Monte Carlo (McMC) change point modelling approach is used to infer the number and 
depth of statistically significant changes in Pb composition. The method was developed 
by Gallagher and co-workers (see Gallagher et al. (2009) for a review of Markov chains 
and Kylander et al. (2007) for their application to Earth Science problems). It allows 
estimation of the number and location of concurrent abrupt changes in several depth- or 
time-series, under the assumption that changes will occur at the same depth/time in each 
series but the magnitude and direction of change is independent for each dataset. 
Between changepoints it is assumed that each data series has a constant value. The 
approach also assumes that the noise level(s) of the dataset(s) is unknown and allows it 
to be estimated directly from a given dataset. This is useful when analytical errors are 
small such as here and may not represent the entire natural variation of the system (for 
example through natural variability of the peat matrix or the use of a single core to 
interpret regional changes in deposition). Furthermore, an appropriate noise level is 
important when considering the complexity of the inferred changepoint structure. Low 
noise implies that the variations in the data should represent real changes in Pb source 
composition, and so a model with many changepoints would be produced. The 
Bayesian McMC method naturally balances the complexity of the model (i.e. number of 
changepoints) with the degree of fit to the observed data, to avoid introducing 
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unjustified complexity (see Gallagher et al. (2009) for a discussion of the general 
methodology). 
The changepoint structure was modelled using all four Pb IR datasets and the depth 
of the changepoints in each profile was assumed to be the same. The probability density 
function of a changepoint occurring at any given depth is shown for the 
206
Pb/
204
Pb 
profile (Fig. 6.4). Two major changepoints are centred at 230 and 100 cm, with slightly 
smaller changes occurring at 600, 465, 430, 400, 200 and 140 cm. The changes located 
at 230, 200, 140 and 100 cm correspond to the lower and upper boundary of E1 and E2 
respectively, suggesting that the two isotopic excursions are the result of a significant 
change in Pb source. 
 
6.3.2.3. Phase determination 
 
Based on the changepoint structure and individual Pb/Sc and PbIR profiles, the 
peat core is divided into phases of Pb deposition (Fig. 6.5). During each phase, the 
presence of a significant changepoint and/or the deviations from the local background 
in a given profile indicate(s) the introduction of a new source of atmospheric Pb. To 
facilitate the visualization of all proxies at once, Pb IR profiles were normalized to their 
respective average local background (n = 5) and plotted on the same axis. The grey area 
indicates once more the 2σ-variation of the background (Fig. 6.5).  
Phase 1 (> 600 cm) shows high Pb/Sc values (1.9-2.1) and a trend towards less 
radiogenic isotope ratios in all profiles but 
207
Pb/
204
Pb. Four out of five profiles show 
values different from the local background, suggesting the presence of a non-local  
source of Pb at this depth. The lower extent of this phase is unknown. 
A changepoint at 600 cm marks the start of phase 2 (600-400 cm), characterized by 
a return to dominantly local values as all isotopic ratios are variable but contained 
within the spread of the local background. The Pb/Sc profile displays changeable 
signatures, with high frequency oscillations between the background average and values 
exceeding 1.8 or lower than 1.3 (Fig. 6.5). The variability in all proxies during phase 2 
could indicate fluctuating conditions of Pb deposition, with (a) non-local source(s) 
being deposited between episodes of local dominance. The location of a changepoint at 
400 cm marks the end of phase 2.  
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Fig. 6.4. 
206
Pb /
204
Pb profile in HYLK-1 and probability density function of the changepoint structure 
(dashed line). The error bars show the errors estimated by the model based on the data variability. The 
position of isotopic excursion E1 and E2 as well as Peaks I-IV are shown. The most significant 
changepoints occur at 230 and 100 cm, i.e. at the onset of E1 and end of E2. Other changepoints are 
observed at 600 cm, 465 cm (top of Peak I), 430 cm, 400 cm, 200 cm (end of E1) and 140 cm (start of 
E2). 
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Fig. 6.5. Depth profiles of the Pb/Sc ratio, 
206
Pb /
204
Pb ratio and modelled changepoints (arrow heads) 
and the four isotopic ratios presented in Fig. 6.3 (normalized to the average of Peak I, taken to represent 
the local signature) showing phases of Pb deposition 1-5 with their respective ages. The position of the 
mineral-rich layer and three high-ash intervals (Peaks I-IV) and of the isotopic excursions E1 and E2 are 
shown. Arrows in the Pb/Sc and isotope ratio profiles indicate deviations from the local signature within 
phases 2 and 3 described in section 6.3.2.3. 
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Phase 3 (400-230 cm) shows more stable values. The Pb IR display background 
compositions apart from three points marked by arrows on Figure 6.5. The Pb/Sc 
profile has non-background values: high Pb/Sc compositions (2.0-2.1) are observed in 
two peaks until 340 cm, followed by the lowest Pb/Sc signature of the entire profile 
(0.9-1.4) and a final peak at 240 cm. The three peaks in Pb/Sc correspond to the three 
non-local Pb isotope points. The combination of local PbIR and non-local Pb/Sc 
suggests once more a mixture of local and non-local Pb, this time sustained throughout 
the interval rather than fluctuating as observed during phase 2. The depths marked by 
the three arrows may represent a higher non-local contribution. 
Phase 4 (230-100 cm) is bound by the two most significant changepoints and 
contains the two isotopic excursions E1 and E2 as well as the largest Pb fluxes (peaks 
II-IV) after the mineral-rich layer (Peak I). Excursions E1 and E2 are labelled phase 4a 
and 4c respectively and the remaining peat samples phase 4b. The changepoint at the 
base of the E1/Peak II couple marks the introduction of a non-local source. The relative 
extent and high Pb flux observed suggest that this new Pb source likely represents a 
significant proportion of the deposited Pb at this depth, with enhanced deposition. The 
end of E1 at 215 cm marks a return to the dominance of local Pb, with background 
compositions in all profiles until 140 cm. This interval of local deposition also contains 
Peak III, suggesting that a change in the conditions at Hongyuan led to the enhanced 
deposition of local material surrounding the core between 150 and 159 cm. At 140 cm, 
the E2/Peak IV couple suggests a return to the conditions observed during E1/Peak II. It 
seems that a non-local source of Pb was switched-on and responsible for the enhanced 
deposition of new, less radiogenic Pb during E1 and E2 but that deposition was 
interrupted between 215 and 140 cm by a return to dominantly local Pb deposition. 
The changepoint at 100 cm ends phase 4 with the “switch-off” of the dominant 
non-local Pb source present during E1 and E2. Phase 5 (100-0 cm) shows local Pb IR 
values for most of the interval, but is marked by an increase in Pb/Sc, first to a 
maximum of 2.9 at 60 cm and then to the highest values of the profile below 10 cm 
(2.4-3.9). This decoupling of Pb relative to Sc is accompanied by a sudden decrease in 
all isotope ratios. Unfortunately, poor core recovery above 62 cm did not allow the 
measurement of reliable ages or the generation of an age-depth relationship for this 
interval. 
 
 
Chapter 6 – Holocene Pb deposition on the eastern Tibetan Plateau 
 
193 
 
6.3.3. Isotopic characterization of the potential sources  
 
During each phase, variations from the local background in one or more ratio(s) 
suggest the possible introduction of non-local Pb. All potential Pb source changes 
display signatures very near crustal values, suggesting they may be produced by soil 
weathering. Potential natural and anthropogenic sources and their isotopic signatures 
are presented in Table 6.1 and discussed below. 
 
6.3.3.1. Natural sources of Pb 
 
The aeolian deposits of northern and northwestern China analyzed in Chapter 4 are 
likely candidates for the deposition of natural soil-derived Pb to HYLK-1. The Pb 
isotopic composition of the samples from the Taklamakan, Badain Jaran and Tengger 
deserts, the Qaidam basin and the Chinese loess plateau were measured with that of the 
peat samples. Samples from the local soils surrounding the core were also measured. 
The 
206
Pb/
207
Pb isotopic compositions of the surface samples are 1.191-1.204 
(Taklamakan desert and Qaidam basin, northwestern China, n = 3), 1.184-1.186 
(Badain Jaran and Tengger deserts, northern China, n = 2), 1.199-1.202 (Chinese loess 
plateau, n = 6) and 1.196 (local soils, n = 2). Surface samples from the Thar desert were 
also measured and showed distinct isotopic compositions of 1.237-1.241 (n = 3). 
 
6.3.3.2. Anthropogenic sources of Pb 
 
A thorough review of the types of anthropogenic sources of Pb pollution in China 
and their 
206
Pb/
207
Pb composition is given by Cheng and Hu (2010). Chinese coal has 
an average 
206
Pb/
207
Pb composition of 1.18, while Chinese Pb ores are more variable 
and less radiogenic, ranging from 1.081 to 1.176 (Mukai et al., 2001). Ancient mining 
and smelting activities are represented by the isotopic composition of bronze artefacts, 
copper ores and ore waste from the Shang (1600-1046 B.C.) and Zhou (1045-246 B.C.) 
dynasties (Peng et al., 1999) as well as early bronze production from the nearby Gansu 
province in northwestern China (Dodson et al., 2009). Values are presented in Table 
6.1. 
  
 
1
9
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Table 6.1. Isotopic composition of the natural and anthropogenic sources considered in this study. Pb, U and Th data is also provided for the natural sources measured 
(µg g
-1
). Repeat measurements of the reference material USGS G-2 granite are given (n = 16) and compared to published values from Weis et al. (2006).  
Region Sample ID Type 
206
Pb/
207
Pb 
208
Pb/
206
Pb 
206
Pb/
204
Pb 
207
Pb/
204
Pb 
208
Pb/
204
Pb Pb
 
Th
 
U 
Natural:           
Northwestern China          
- Taklamakan desert TK-074 > 4μm 1.191 2.081 18.658 15.667 38.837 38.2 15.7 4.63 
 TK-103 > 4μm 1.204 2.063 18.869 15.674 38.918 39.1 14.4 5.17 
- Qaidam basin QD-009 > 4μm 1.191 2.080 18.658 15.662 38.814 40.5 18.5 3.54 
Northern China           
- Badain Jaran desert BJ-024 > 4μm 1.186 2.086 18.563 15.648 38.719 31.1 15.3 3.37 
- Tengger desert TG-018 > 4μm 1.184 2.092 18.565 15.677 38.835 37.3 18.9 7.66 
- Loess plateau CLS-20 Red clay (bulk) 1.202 2.069 18.832 15.673 38.961 13.8 5.83 2.80 
 CLS-25 Loess (bulk) 1.199 2.074 18.783 15.668 38.960 14.1 7.99 2.31 
 CLS-27 Loess (bulk) 1.199 2.075 18.780 15.667 38.970 18.2 11.0 2.35 
 CLS-29 Paleosol (bulk) 1.199 2.076 18.789 15.670 39.006 18.9 12.2 2.54 
 CLS-40 Paleosol (bulk) 1.199 2.076 18.781 15.667 38.995 - - - 
 CLS-90 Red clay (bulk) 1.201 2.073 18.814 15.671 39.006 20.4 11.9 2.67 
India           
- Thar desert TDSD-01 Sand (bulk) 1.241 2.029 18.696 15.865 39.962 17.7 18.5 1.96 
 TDSD-02 Sand (bulk) 1.237 2.040 18.604 15.849 39.984 20.3 17.2 2.53 
 TDSD-03 Sand (bulk) 1.240 2.037 18.672 15.858 40.081 17.7 13.0 1.46 
Tibetan Plateau           
- Hongyuan R-1 Soils (bulk) 1.196 2.082 18.757 15.681 39.050 22.3 13.0 2.75 
 R15-2 Soils (bulk) 1.196 2.082 18.755 15.686 39.040 26.1 13.7 3.03 
           
Anthropogenic:           
Gansu province           
- Baishantang mine
a 
1O Ore 1.186 2.071 18.552 15.643 38.430    
 2O Ore 1.166 2.094 18.235 15.635 38.182    
 3O Ore 1.194 2.063 18.707 15.662 38.584    
 4O Ore 1.192 2.065 18.677 15.672 38.569    
Jianxi province           
- Ruishang mine
b 
44 Refining slag 1.190 2.068 18.752 15.764 38.783    
 45 Refining slag 1.193 2.058 18.778 15.737 38.651    
(a) From Dodson et al. (2009); (b) From Peng et al. (1999) 
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Table 6.1. Cont'd           
Heinan province           
- Zhechuan mine
b 
46 Pb-Sn slag 1.180 2.101 18.711 15.857 39.317    
- Zhengzhou mine
b 
47 Malachite 1.215 2.058 19.001 15.642 39.110    
 48 Cu scrap 1.191 2.096 18.995 15.949 39.808    
           
Reference materials:           
This study (n = 16)  USGS-G-2 1.178 2.112 18.416 15.636 38.894    
Weis et al. (2006)  USGS-G-2 1.177 2.115 18.396 15.636 38.900    
 (b) From Peng et al. (1999) 
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6.3.4. Source assessment and Pb deposition history 
 
6.3.4.1. Mixing models 
 
The Pb isotopic composition of the peat samples was plotted against 1/[Pb] (Fig. 
6.6). In such plots, linear trends represent a mixture between two sources. The HYLK-1 
data do not exhibit such a trend but rather scatter in a roughly triangular area bound by 
three vertices. This suggests that the Pb isotopic composition of the Hongyuan core can 
only be explained with the introduction of three sources. Arrows plotted along the 
triangle sides trend towards the isotopic composition of the three end-members A, B 
and C. Source A has a higher Pb concentration (lower 1/[Pb]) and a more radiogenic 
signature, source B displays the same radiogenic composition as source A but contains 
less Pb (higher 1/[Pb]), while source C is less radiogenic but has a high Pb 
concentration. Given the presence of the mineral-rich layer (Peak I) and the analysis of 
the PbIR profiles, it is very likely that local material is one of the three sources 
considered. Indeed, both the surface local soils and the samples from Peak I plot on the 
triangle vertex represented by source A and they define the geochemical composition of 
the first Pb source. Before assigning the compositions of sources B and C to any 
particular natural or anthropogenic signature, the provenance of phases 1-5 is 
investigated in terms of a mixing between sources A, B and/or C. 
The sample representative of phase 1 falls on the line connecting sources B and C 
in all plots and can be considered a mixture of the two, with an unknown amount of 
input from the local soils, depending on the true position of the sources B and C along 
the triangle sides. Samples from phase 2 plot between end-members A and B and this 
phase seems to be a mixture between the local and-member and a non-local source (in 
this case source B), as previously suggested (Fig. 6.5). The spread of samples along the 
mixing line represents the high variability in relative Pb source input described 
previously. Phase 3 shows similar characteristics to phase 2, with a mixture which 
appears to be predominantly one of sources A and B. Less variability is observed 
amongst the samples of this group (less scatter along the mixing line), as was 
previously proposed based on the stable Pb isotopic composition. It seems that the 
mixing between atmospheric Pb from sources A and B was the dominant scenario 
throughout the lower and middle core up to 230 cm, with phases 2 and 3 following this 
pattern. Samples from phase 4a and 4c are different and are the only ones which plot 
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Fig. 6.6. Plots of isotopic ratios 
206
Pb /
207
Pb (A), 
206
Pb/
204
Pb (B), 
207
Pb/
204
Pb (C) and 
208
Pb/
204
Pb (D) 
against the inverse of Pb concentration 1/[Pb] for the HYLK-1 peat samples (diamonds) and Hongyuan 
surface soils (triangles). Samples from different phases are shown in different colours: Phase 1 (yellow), 
phase 2 (black), phase 3 (light blue), phase 4a (red), phase 4b (green) and phase 5 (white) as well as the 
mineral-rich layer (Peak I) within phase 2 (grey). Data points from phases 1-4 are also separated into 
fields. Results for all isotopic ratios indicate a mixture of three Pb-sources in HYLK-1 named sources A-
C. Source A represents the local Pb signature at Hongyuan, as shown by the grouping of the local surface 
soils and peat samples from Peak I on one triangle vertex. Peat samples from phase 4a and 4c have a 
different source of Pb than samples from phases 2, 3 and 4b. 
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close to inferred source C in all diagrams. These results strengthen the idea that the 
isotopic excursions E1 and E2 represent the introduction of novel, less radiogenic Pb, 
which seems to be absent from the rest of the core. Phase 4b marks a return to the 
Holocene background mixing between sources A and B, with a relatively high 
proportion of local material. Finally, samples from phase 5 display two trends, with 4 
samples seemingly dominated by a mixture between sources A and B and the three 
uppermost, undated samples (above 40 cm) plotting with the samples from phases 4a 
and 4c in the 
206
Pb/
207
Pb and 
206
Pb/
204
Pb diagrams, possibly indicating that the most 
recent deposition at Hongyuan originated from the same source as excursions E1 and 
E2. 
 
6.3.4.2. Possible origin of the airborne Pb 
 
Urogenic and thorogenic three-isotope diagrams were built to assess the source of 
the HYLK-1 Pb and attempt to assign an origin to end-members B and C (Fig. 6.7). The 
composition of the core as well as the potential natural and anthropogenic sources 
(Table 6.1) are shown. The peat samples fall in a tight cluster on all diagrams and the 
samples from the local source (represented by Peak I) plot on one extremity of the 
array. Peat from phases 2, 3 and 4b (which are suspected to be predominantly a mixture 
between sources A and B) as well as phases 4a and 4c (assumed to originate from 
source C) display a relatively linear feature but the latter two phases plot furthest from 
the local soils and overlap little with the remaining phases.  
The linearity of this trend suggests that the Pb composition of the peat samples 
could be explained by a mixture between two sources: the local soils and a non-local 
source of Pb. Based on the Pb isotopic composition of the potential natural dust sources, 
the deserts of northern China (Badain Jaran and Tengger deserts) could be a possible 
solution for this end-member (Fig. 6.7). This would suggest that Pb deposition to 
Hongyuan throughout the Holocene was governed by local Pb and long-range Pb from 
these two deserts.  
However, the mixing models suggest that the two groups of samples (phases 2, 3 
and 4b on one hand and phases 4a and 4c on the other) have different sources of non-
local Pb, sources B and C (Fig. 6.6). The trends of these two groups of samples are 
therefore studied further to determine whether a 3-component mixing could explain the 
isotopic composition of the peats. The peat samples from phase 4a and 4c plot furthest  
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Fig. 6.7 (cont'd).  
Fig. 6.7. Three-isotope plots of 
208
Pb/
207
Pb vs. 
206
Pb/
207
Pb (A), 
208
Pb/
206
Pb vs. 
206
Pb/
207
Pb (B), 
207
Pb/
204
Pb 
vs. 
206
Pb/
204
Pb (C) and 
208
Pb/
204
Pb vs. 
206
Pb/
204
Pb (D) of HYLK-1 peat samples (diamonds) from phases 1 
(yellow), 2 (black), 3 (light blue), 4a (red), 4b (green) and 5 (white) as well as the mineral-rich layer 
(Peak I) within phase 2 (grey). Error bars at the 2σ-level are shown in each plot. Fields for the natural 
sources of Pb given in table 6.1 are shown and include the deserts of northwestern China (Taklamakan 
desert and Qaidam basin, blue), the deserts of northern China (Badain Jaran and Tengger deserts, purple), 
the local surface soils (grey) and Chinese loess (this study, yellow and Biscaye et al. (1997) and Jones et 
al. (2000) for reference, brown). Possible anthropogenic sources plotting in the vicinity of the HYLK-1 
peat samples are shown and include ores from the Baishantang (Dodson et al., 2009), Ruichang, 
Zhengzhou and Zhechuan mines (Peng et al., 1999). Arrows indicate the locations of other ancient Pb 
ores (Peng et al, 1999). MORB (grey, Sun et al, 1980) and UCC fields (dashed lines, Asmerom and 
Jacobsen, 1993; Hemming and McLennan (2001) and Millot et al., 2004) are shown for reference only.  
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Fig. 6.7 (cont'd).  
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away from the local source and beyond the deserts of northwestern China (Fig. 6.7). 
Given the sources present, it seems that this group could possibly be best explained by a 
mixture between local Pb and Pb from the deserts of northern China, as proposed 
previously. Phases 2, 3 and 4b fall in a cluster closer to the local end-member, with 
samples from phase 3 displaying the largest proportions of non-local Pb, phase 2 largely 
dominated by local Pb and phase 4b plotting in the middle. If source identification is 
based on the mixing models, these samples are expected to have a different, more 
radiogenic non-local Pb source to those from phase 4a and 4c (Fig. 6.6). Anthropogenic 
sources are not considered as potential end-members during these phases as the age-
depth model suggest that the peats from these phases largely date before the onset of 
human activites in China. Based on the natural sources present, one possibility for the 
non-local Pb source active during phases 2, 3 and 4b could be the Taklamakan desert 
and Qaidam basin of northwestern China (Fig. 6.7).  
Based on the urogenic and thorogenic plots, a two-component mixing between 
local dust and dust from northern China throughout the entire Holocene is possible. 
However, as the mixing models suggest the presence of three sources, a possible 
solution for the origin of Pb deposited at Hongyuan is proposed here, where the isotopic 
composition of deposited Pb could be a mixture between the local soils (source A) and 
natural dust from the deserts of northwestern China (source B) and northern China 
(source C). The environmental discussion of the Hongyuan Pb record is based on this 
interpretation and end-members A-C are replaced by the sources proposed above in the 
following sections. 
 
6.3.4.3. Holocene Pb deposition history at the Hongyuan peat core 
 
By combining Pb deposition flux and source results (Figs. 6.3, 6.6 and 6.7, 
synthesized in Figure 6.8), some general trends of the Pb deposition history of 
Hongyuan are tentatively inferred. Contributions from the different sources are not 
assessed quantitatively due to their close isotopic composition but qualitative 
interpretations on the proportions of local and long-range Pb can be estimated based on 
the position of the samples relative to the end-members in the 3-isotope plots.  
From 9.5 to 9.2 kyr BP (possibly extending to an unknown date below the cored 
section), Pb fluxes were relatively low and representative of the Holocene baseline 
(0.16 ± 0.09 mg m
-2
y
-1, 2σ, n = 4). The deposited Pb originated partly from the local  
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Fig. 6.8. Comparison of the Holocene Pb fluxes, isotopic composition (represented by the 
206
Pb/
207
Pb 
profile) and qualitative changes in Pb source contributions of the deposited Pb in HYLK-1 to previously 
published Pb concentration data from Hongyuan (Yu et al., 2010), isotopic data from lake sediments (Lee 
et al., 2008) and identified cold (blue) and cold and dry phases (yellow) from HYLK-1 (Large et al., 
2009). The Pb sources to HYLK-1 established in the study are represented by end-members A-C found in 
Figure 6.6, interpreted to be local soil dust (grey), long-range dust from northwestern China (blue) and 
long-range dust from northern China (purple) respectively based on Fig. 6.7. Higher blocks of long-range 
Pb indicate larger contributions of these sources to the total Pb budget. The uppermost 500 years of the 
206
Pb/
207
Pb record above the last datable sample is represented by a broken line. 
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surface soils and partly from a mixture between the deserts of northern and possibly 
northwestern China. 
Between 9.2-5.9 kyr BP, non-local input changed to a single source and it is 
proposed here that this source may be the deserts of northwestern China (Taklamakan 
desert and Qaidam basin). The contribution of long-range Pb to the total deposited Pb 
budget varied throughout this interval, with higher proportions observed at 7.9 and 6.5 
kyr BP (data points furthest away from the local end-member, Fig. 6.8). Between 7.7 
and 6.9 kyr BP, long-range Pb deposition, if present, was overwritten entirely by a large 
influx of local material forming a mineral-rich layer (2.07-3.33 mg m
-2 
y
-1
). After 6.9 
kyr BP, long-range deposition became perceptible and was possibly characterized by a 
similar mixture of local and desert dust from northwestern China as was observed 
underlying the mineral-rich layer. Proportions of long-range dust vary but never reach 
that observed at 7.9 and 6.5 kyr BP.  
Between 5.9 and 3.1 kyr BP, Pb fluxes were changeable (0.18 ± 0.27 mg m
-2
y
-1, 2σ, 
n = 17) but the sources of deposited Pb remained the same. The proportions of proposed 
long-range input from northwestern China were nonetheless higher than during the 
previous intervals, with particularly high input (based on the position of samples 
relative to the local end-member) coinciding with periods of higher-than-average fluxes 
and lower PbIR at 5.8, 5.2 and 3.1 kyr BP (marked by arrows, Fig. 6.8). 
3.1 kyr marked the biggest observable change in Pb deposition dynamics, with not 
only a change in the source of deposited Pb but also a strengthening of Pb fluxes. Long-
range input changed to the deserts of northern China and deposition fluxes suddenly 
increased to 0.43-0.96 mg m
-2
 y
-1
, the highest values in the core after the sediment 
layer. This state was sustained until 2.7 kyr BP, when fluxes dropped back to early 
Holocene values and the dominant long-range dust from northern China was replaced 
by that from northwestern China. Between 1.9-1.7 kyr BP, fluxes increased again to 
~0.5 mg m
-2
y
-1
, with no accompanying change in source, suggesting a strengthening of 
both local and long-range fluxes from northwestern China. At 1.7 kyr BP, the dominant 
Pb source to the core switched once more to northern China and was maintained until 
0.9 kyr BP. Between 1.4-0.9 kyr BP, the change of source was also accompanied by an 
increase in Pb fluxes to 0.56-0.83 mg m
-2
y
-1
. From 0.9 kyr BP to the last datable sample 
at 0.3 kyr BP, Pb fluxes were low (0.16 ± 0.08 mg m
-2
y
-1
) and long-range dust switched 
back to its early and mid-Holocene source in northwestern China. Finally, the topmost, 
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undated peat samples suggest that recent non-local Pb deposition may have been 
governed by dust transport from northern China. 
 
6.3.5. Potential environmental implications of the Hongyuan Pb record for Asian 
monsoon dynamics and air pollution 
 
6.3.5.1. Comparison with other palaeoclimate records 
 
The most striking changes in Pb deposition occurred between 3.1-2.7 kyr and 1.7-
0.9 kyr BP, with a sudden change in Pb source, which is suggested could be from 
northwestern to northern China. This source change is accompanied by the highest Pb 
fluxes observed (aside from the mineral-rich layer) between 3.1-2.7 kyr and 1.4-0.9 kyr 
BP. These intervals can be correlated with Pb concentration increases between 3.0-2.5 
and 2.0-1.0 kyr BP in the Hongyuan core described by Yu et al. (2010). In Liangzhi 
Lake, Lee et al. (2008) recorded an isotopic excursion to less radiogenic values centred 
at 3.0 kyr BP also accompanied by an increase in Pb concentration. When comparing 
the Hongyuan Pb record to the climatic record presented by Large et al. (2009), one 
observation is that these two episodes of sudden source and flux change occur just after 
the end or before the start of cold phases (3.2-3.1, 1.8-1.4 and 1.0-0.8 kyr BP) and thus 
represent periods of recovery with relatively warmer conditions on the eastern Tibetan 
Plateau. Another observation is that the deserts of northern China lie along the transport 
pathway of East Asian winter monsoon winds while the dominant wind current above 
the deserts of northwestern China is the Westerly jet. In this view, the origin of 
deposited Pb on the eastern Tibetan Plateau could potentially indicate periods of 
stronger East Asian winter monsoon when the deserts of northern China dominate as a 
Pb source. Yancheva (2007) record a sharp strengthening of the East Asian winter 
monsoon in Lake Huguang Maar at 3.1 kyr BP and a gradual strengthening from 1.7 to 
0.8 kyr BP, which match exactly the two periods of northern China dust dominance 
recorded at Hongyuan. It seems plausible that a source change from the deserts of 
northwestern to northern China at HYLK-1 records the strengthening of the East Asian 
winter monsoon winds.  
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6.3.5.2. Indications of human impacts in Hongyuan? 
 
In their core collected nearby (~1 km north of HYLK-1), Yu et al. (2010) proposed 
that high Pb concentrations and the decoupling of Pb from Al and Ti observed from 5.5-
4.0, 3.0-2.5 and 2.0-1.0 kyr BP were the result of increased human activities in the 
nearby Gansu province in northern China. Proposed activities include innovations and 
increases in agricultural activities, tree felling for wood and notably the metallurgy of 
bronze and mining of Pb-bearing ores. The latter two periods recorded correspond 
closely to the two sudden shifts in Pb provenance from northwestern to northern China 
between 3.1-2.7 and 1.7-0.9 kyr BP, which are also accompanied by increases in Pb, Al 
and Ti concentration and fluxes. The Pb isotopic composition of HYLK-1, however, 
never decreases beyond the range of soil weathering values and does not point towards 
a mining/smelting origin of the deposited Pb. The stability of the Pb/Sc profile, with no 
decoupling of Pb characteristic of mining and smelting emissions, supports this soil 
weathering origin. The Hongyuan dust record thus suggests that increases in such 
human activities in Gansu are not recorded by Pb deposition at HYLK-1. However, 
agricultural activities can produce enhanced soil weathering and emissions of Pb 
aerosols with a more radiogenic signature. If the Pb history recorded in HYLK-1 can 
indeed provide information on the strengthening of the East Asian winter monsoon, it 
could be that strengthened northerly winds transporting desert dust may also have 
transported anthropogenic soil weathering products. It is possible that, rather than 
recording changes in human/agricultural activities, Pb deposition in the Hongyuan peat 
archive may only provide general information on the transport of weathering products 
from nearby populated regions when climatic conditions are favourable, i.e. when the 
winter monsoon winds are strong enough. The strength of the East Asian summer 
monsoon precipitation may be another factor accounting for the difference between the 
two nearby archives, with more airborne Pb and dust being removed from the 
atmosphere either where precipitation is higher or closer to the source. The remote 
location of the core and its sensitivity to local dust input and variations in northerly and 
westerly atmospheric currents may have precluded recording of emissions from other 
human centres. 
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6.3.6. Linking the REE and Pb isotope records at Hongyuan 
 
In Chapter 5 and the preceding sections of Chapter 6 respectively, the history of 
atmospheric REE and Pb deposition at Hongyuan during the Holocene has been 
presented. Changes in the concentration, fluxes and ratios (elemental or isotopic) of 
these elements were interpreted in terms of different phases of deposition and provided 
insight into possible changes in atmospheric circulation and environmental conditions 
on the eastern Tibetan Plateau during this time. The main results from both datasets are 
compared here in order to provide a unique overview of all studied proxies and interpret 
the record of dust deposition in its entirety. 
Figure  6.9 reviews the profiles of proxies studied in Chapter 5 ((La/Yb)PAAS and 
Y/TbPAAS, Fig. 5.9) and the current chapter (
206
Pb/
207
Pb, 
206
Pb/
204
Pb, 
207
Pb/
204
Pb, 
208
Pb/
204
Pb, Fig. 6.5) as well as those of the ash concentration and contributions of the 
different sources calculated based on the bivariate plot of Y/TbPAAS versus LaPAAS/Th 
(Fig. 5.13). The main features of each profile described in the previous sections are 
summarized here and assigned a single excursion labelling system A-I (Fig. 6.9). In the 
following discussion, these feature are individually described in terms of their signature 
in the different profiles and are used to infer a single phase scheme for the Hongyuan 
record. 
The deepest samples of HYLK-1, cored at depths greater than 600 cm, were 
characterized by a trend towards low isotopic ratios in most Pb profiles (hereafter 
excursion A, Fig. 6.9) as well as high Pb/Sc values (Fig. 6.3). An excursion was also 
obvious in the La/Yb and Y/Tb composition (Fig. 5.9) and excursion A is indeed 
represented in these two profiles (Fig. 6.9). The samples present between 620-600 cm 
make up phase 1 of dust deposition at Hongyuan. Based on the analysis of different 
REE-based provenance tracers (Fig. 5.12), samples from this phase were interpreted as 
a mixture between three potential dust sources: the local Tibetan soils, Taklamakan 
desert and Chinese loess plateau. Indeed, excursion A is represented in the profile of the 
source contributions as a peak in Taklamakan dust input followed by an increase in dust 
input from the loess plateau as well as local contributions of 20-50% throughout (Fig. 
6.9). The plots of Pb isotopic composition as a function of 1/[Pb] also suggested a 
mixture between three sources at these depths (Fig. 6.6), in agreement with the REE 
dataset. These included the local soils and Taklamakan desert. Based on Pb 3-isotope  
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Fig. 6.9. Depth profiles of the ash concentration, 
206
Pb/
207
Pb, 
206
Pb/
204
Pb, 
207
Pb/
204
Pb, and 
208
Pb/
204
Pb ratios (PbIR, normalized to their respective average of Peak I), 
(La/Yb)PAAS and Y/TbPAAS proxy ratios and contributions to the total dust of the three dust sources proposed in Chapter 5: the Taklamakan desert (blue line), Chinese loess 
plateau (red line) and Tibetan soils (grey line). The location of changepoints modelled from the four PbIR profiles is also shown (black arrow heads). Letters A-I correspond 
to excursions visualized in one or more profiles. Phases 1-9 describe different stages of dust deposition at Hongyuan. 
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plots, however, it was proposed that the third source may rather be the Badain Jaran and 
Tengger deserts of northern China (Fig. 6.7).  
Between 600 and 510 cm (phase 2), both REE and Pb isotope proxies show 
similarities. The La/Yb and Y/Tb ratios display local signatures until 530 cm, followed 
by an excursion to non-local values centred at 520 cm (previously noted on Figure 5.9 
and named excursion B, Fig. 6.9). In the profile of dust contributions, this excursion is 
represented by an increase in dust input from the Taklamakan desert, which replaces the 
local soils as the dominant dust source to the peatland. In the Pb isotope profiles, 
excursion B is represented by very slightly less radiogenic values than the underlying 
samples (Fig. 6.9). Based on its position along the mixing line in the 3-isotope plots 
(Fig. 6.7), the peat sampled at 520 cm (dated 7.9 kyr BP) was also interpreted to 
represent a slight increase in dust input from the Taklamakan desert (section 6.3.4.3, 
Fig. 6.8). Excursion B is therefore present in all studied profiles and could be 
interpreted as an increase in Taklamakan desert dust input to the eastern Tibetan Plateau 
based on both REE and Pb isotope proxies. 
The mineral-rich layer between 510 and 460 cm (Peak I) makes up phase 3 and is 
marked by a return to local signatures in all proxies and a large increase in dust 
concentrations. Indeed, samples from this phase displayed nearly identical compositions 
to the local soils in all bivariate plots presented (Figs. 5.12, 6.6, 6.7) and estimated local 
contributions based on the REE tracers exceeds 70-80% (Fig.  6.9).  
Phase 4 (460-340 cm) shows a high degree of variability in all proxies (Fig. 6.9), 
with both Pb isotopes and REE-based tracers oscillating between local and non-local 
values. The most notable excursion in the REE-based proxies is centred at 440 cm and 
is marked by a large peak in Y/Tb and trough in La/Yb (excursion C). This excursion 
was first observed in the Ti-normalized profiles (Fig. 5.8) and labelled E2 throughout 
Chapter 5. In the Pb isotope profiles, excursion C is also observed as a trend towards 
less radiogenic values (Fig. 6.9). This was interpreted in the previous sections as a 
potential increase in dust from the Taklamakan desert based on the Pb 3-isotope plots 
(section 6.3.4.3, Fig. 6.8). The samples corresponding to this excursion are not resolved 
in the estimation of the source contributions carried out in section 5.4.3.3 as the they 
fall outside of the mixing area defined by the three source end-members. As a result, 
excursion C cannot be directly interpreted using the contribution profile, though it falls 
within an interval dominated by input from the Taklamakan desert (Fig. 6.9). On Figure 
5.12A, however, these peats correspond to the two Phase 2 samples plotting furthest 
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away from the local end-member and closest to the Taklamakan desert domain. It could 
be assumed that, within error, the REE composition of the samples at these depths can 
be best explained by a dominance of dust from the Taklamakan desert, in agreement 
with the interpretations made based on the Pb isotope variability. The next two 
excursions D and E (Fig. 6.9) were noted in the previous sections as excursions towards 
less radiogenic Pb isotope values (section 6.3.4.3, Figs. 6.3, 6.7) and interpreted as 
possible indications of increased dust input from the Taklamakan desert. These two 
excursions do not have obvious conterparts in the La/Yb or Y/Tb profiles in the same 
way as excursion C but are nonetheless characterized by non-local La/Yb values. In the 
profile of dust contributions, excursion E is also characterized by an increase in 
contributions from the Taklamakan desert, in agreement with the conclusions drawn 
from the Pb isotope analysis. Excursion D, however, is rather characterized by 
relatively low dust contributions from the Taklamakan desert (Figs. 5.13,  6.9), 
suggesting that care must be taken when using the Pb isotope record alone to interpret 
the exact origin of the dust deposited at Hongyuan.  
As was the case in Chapter 5, the next phase (here phase 5) is initiated by a sharp 
and pronounced increase in the Y/Tb composition of the peat samples at 340 cm 
(excursion F) and marks the first of a series of important changes in dust deposition to 
Hongyuan. The Pb/Sc composition of the peat samples also changed at this depth, 
changing from an average value of 1.71 ± 0.45 (2σ, n = 27) below 340 cm to values 
averaging 1.35 ± 0.41 (2σ, n = 15) above this depth (section 6.3.1.3, Fig. 6.2). All 
proxies, and notably the Pb isotopes, show more stable values than in the underlying 
sections, suggesting that dust input to the core during this time was relatively stable. All 
REE-based fraction calculations indicate a sudden dominance of dust input from the 
Chinese loess plateau (Figs. 5.13,  6.9). This was interpreted in Chapter 5 as an 
indication that the northerly East Asian winter monsoon may have been the prevailing 
wind system at the site during this time. Though the Pb isotopes are also characterized 
by an interval of stability, their composition is similar to that of the local background 
and does not point towards the Chinese loess plateau as a new source of Pb to the core 
(Figs. 6.6, 6.7). While the Pb/Sc ratio does indicate a change at 340 cm, the Pb isotope 
ratios do not provide any information regarding such a shift. 
The isotopic excursion named E1 in the previous sections (Figs. 6.3, 6.5) and 
labelled excursion G here (Fig. 6.9) marks the end of phase 5 and onset of phase 6. 
Excursion G has a counterpart in the REE-based profiles (significant decrease in La/Yb 
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and increase in Y/Tb) and the source contribution profiles indicate the dominance of the 
Chinese loess plateau as dust provider to the Hongyuan peat (Figs. 5.13,  6.9), similar to 
the samples from phase 5. The Pb mixing models, however, suggest that the Pb 
deposited during this time (phase 4a, Fig. 6.6) originates from a source different to that 
of the underlying samples. Based on the Pb 3-isotope plots (Fig. 6.7), this new source 
was tentatively assigned to the Badain Jaran and Tengger deserts of northern China, 
different to the dust source inferred from the REE-based analysis.  
It is noted, however, that dust concentrations (Fig. 6.9) and fluxes (Fig. 5.14) 
increase substantially during excursion G (Peak II), suggesting a substantial 
strengthening of the wind system providing material to the core during this time. In 
both cases, the increase in Pb input from the northern deserts or in REE input from the 
loess plateau during excursion G was interpreted as induced by a strengthening of the 
East Asian winter monsoon (Chapter 5, section 5.4.4.2, this chapter, section 6.3.5.1). 
However, while the Pb isotope record suggested that the strengthening of the winter 
monsoon at this time was part of a change in the prevailing wind system (as indicated 
by the Pb source change during excursion G discussed in sections 6.3.4.2, 6.3.4.3, Figs. 
6.6, 6.7), the REE record indicated that the shift to prevailing winter monsoon 
conditions had occurred at the base of phase 5 (Fig. 6.9) and that excursion G indicated 
only the strengthening of the already prevailing winter monsoon wind system. While 
both sets of records clearly indicate an important change in the winter monsoon strength 
during this excursion, the timings of the shift from a non-winter monsoon to a winter 
monsoon prevailing wind system are seemingly at odds. 
During phase 7 (200-150 cm), the PbIR and Y/Tb profiles are characterized by 
local values and so are most samples in the La/Yb profile. Indeed, the profiles of dust 
contributions indicate the dominance of local material being deposited at the site 
throughout this interval (Figs. 5.13,  6.9). Samples within this interval were interpreted 
in Chapters 5 and 6 as an interruption in the dominance of the East Asian winter 
monsoon as the primary dust carrier to Hongyuan during this time and both the REE-
based proxies and Pb isotopes support this interpretation. 
The interval between 150 and 100 cm (phase 8) is made of an excursion visible in 
all studied profiles (excursion H, Fig. 6.9) and similar to that making up phase 6: (i) an 
isotopic excursion to less radiogenic values in the PbIR profiles (named E2 in Figs. 6.3, 
6.5); (ii) a shift to low La/Yb values outside of the spread of local values; (iii) an 
increase in Y/Tb significantly different to the local composition (Fig. 6.9); (iv) the 
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dominance of the Chinese loess plateau as the dominant source of material to the peat 
(Figs. 5.13, 6.9); (v) a substantial increase in dust concentration and fluxes (Fig. 6.9). 
The interpretations regarding the environmental implications of this interval made in 
Chapter 5 and in the previous sections of Chapter 6 were similar to those of phase 6, 
with increased dust input from the loess plateau and Pb input from the deserts of 
northern China and accompanied increase in dust fluxes all suggesting a second episode 
of strengthened East Asian winter monsoon.  
The topmost 100 cm of the profile make up the final phase of dust deposition to 
Hongyuan (phase 9). This phase is mainly characterized by local values in all profiles, 
but the PbIR profiles display a shift to less radiogenic values in all four Pb ratios in the 
top 10 cm (excursion I), also accompanied by an increase in the Pb/Sc ratio (Fig. 6.5). 
The REE-based proxies and resulting dust contribution profiles (Figs. 5.13, 6.9), 
however, suggest that local dust dominated the total dust signature of the peat during 
the entire phase, with estimated local contributions reaching 90% in the upper 10 cm of 
the core. Based on this, it seems that excursion I in the PbIR profiles may not originate 
from one of the long-range natural dust sources considered. The decoupling of Pb 
relative to Sc in these topmost samples may suggest that this excursion could be the 
result of recent anthropogenic Pb pollution. Unfortunately, the age-depth model derived 
from radiocarbon ages does not allow the timing of this recent event to be determined. 
More precise dating (e.g. 
210
Pb) of short near-surface cores from the Hongyuan peatland 
may help resolve the source of this Pb. 
The REE-based provenance tracers all suggest that the main change in dust source 
to Hongyuan occurred at the base of phase 5, when loess contributions were observed to 
dominate the total dust record (Figs. 5.13, 6.9), and that the shift to a prevailing winter 
monsoon at the site occurred at that time. It would therefore be expected that the Pb 
isotope record would also bear an indication of a source change at the same depth. As 
stated previously, the Pb/Sc record does indeed indicate a shift to lower values at 340 
cm (section 6.3.1.3, Figs. 6.2, 6.5) but no obvious change is observed in the PbIR 
curves apart from their more stable behaviour (Fig. 6.9). The environmental 
interpretations based on the two records could possibly be reconciled by taking into 
account the geographical setting of the proposed sources of Pb and REE to Hongyuan 
as well as their elemental concentrations. The Chinese loess plateau displays lower Pb 
concentrations (13.8-20.4 µg g
-1
) than the Taklamakan, Badain Jaran or Tengger deserts 
(31.1-39.1 µg g
-1
). Therefore, while the dominant dust source may have changed at the 
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base of phase 5 (measured at 340 cm) from the Taklamakan desert to the Chinese loess 
plateau, the dominant Pb source may not have altered significantly. Despite the winter 
monsoon dominating at the site throughout phase 5, the REE proxies and Pb isotopes 
suggest that the Taklamakan desert source did not switch off during this time and still 
contributed some dust to Hongyuan. Given that Pb concentrations in the Chinese loess 
plateau are less than half those present in this source, it could be that Taklamakan dust 
dominated the Pb input to Hongyuan without dominating the total dust input to the site.  
At the base of phase 6, however, dust concentrations and fluxes increase 
significantly (5-10 times the fluxes observed during phases 4 and 5) and the REE-based 
provenance tracers all indicate that the major dust source to Hongyuan during this 
interval remained the Chinese loess plateau (Figs. 5.12, 5.13,  6.9). This was interpreted 
as a major strengthening of the already prevailing East Asian winter monsoon over the 
eastern Tibetan Plateau, transporting significantly more material from the loess plateau 
in northern China to Hongyuan. While the Badain Jaran and Tengger deserts are 
surrounded by mountain ranges, which can inhibit the southerly transport of aeolian 
dust from these sources, material from the extensive Chinese loess plateau deposits may 
be more easily transported to the eastern Tibetan Plateau, even when wind speed 
conditions are not extreme, such as during phase 5, when dust fluxes were low but 
contributions from the loess plateau were significant. During phase 6, however, the 
increase in dust fluxes suggest a significant increase in the East Asian winter monsoon 
winds. The strong northerly winter monsoon winds would therefore transport large 
quantities of material from the vast loess deposits (as indicated by the profile of the dust 
contributions, Figs. 5.13 and 6.9) but may also be able to mobilize small quantities of 
dust from the Badain Jaran and Tengger deserts above the surrounding mountain ranges 
and south towards Hongyuan. These deserts are characterized by unradiogenic 
signatures (Fig. 6.7) as well as high Pb concentrations, nearly twice those present in the 
loess deposits. Without being the dominant source of total dust (which remains the 
Chinese loess plateau according to the numerous REE-based proxies), these deserts may 
have become the dominant source of Pb to the peatland during these times of intense 
winter monsoon strength, explaining the shift to unradiogenic values observed in the 
PbIR profiles (Fig. 6.9). As during phase 6, the difference between the total dust source 
and the Pb source during phase 8 could be due to the lower Pb concentrations of the 
Chinese loess plateau and strong winds allowing small quantities of dust (rich in 
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unradiogenic Pb) to be transported from the northern deserts to the eastern Tibetan 
Plateau. 
 
6.4. Conclusions 
 
Using a 9.5 kyr radiocarbon-dated record of peat accumulation from the eastern 
Tibetan Plateau, the deposition history of airborne Pb throughout the Holocene was 
described, providing the first peatland Pb isotopic data in the region. The main 
conclusions of this chapter are:  
 
1. The HYLK-1 Holocene baseline is characterized by Pb concentrations of 6.80 ± 
4.18 μg g-1 and fluxes of 0.22 ± 0.24 mg m-2 y-1. Four episodes of increased 
concentrations and fluxes are observed between 7.7-6.9 kyr, 3.1-2.7 kyr, 1.9-1.7 
kyr and 1.4-0.9 kyr BP, with maximum values of [Pb] = 21.58 μg g-1 and ΦPb = 
3.52 mg m
-2
 y
-1
. The baseline values are similar to those recorded from lake 
sediments and peat in China but are one order of magnitude higher than those 
recorded in peat archives from pre-anthropogenic times in Europe (Sweden, 
Spain, Germany, England and Switzerland). 
2. Natural Pb isotope variations of Asian dust are small. Pb isotopes ratios 
throughout the core vary betwen 
206
Pb/
207
Pb = 1.190-1.197,
 206
Pb/
204
Pb = 
18.648-18.786, 
207
Pb/
204
Pb = 15.666-15.694 and 
208
Pb/
204
Pb = 38.890-39.090. 
These values are similar to those recorded in a lake profile in China and are 
representative of crustal and soil weathering values rather than mining or 
smelting activities. This is supported by the Pb/Sc profile, where only the 
shallowest samples show a small decoupling of Pb relative to Sc. 
3. Change point modelling applied to the Pb isotopic data (206Pb/207Pb, 206Pb/204Pb, 
207
Pb/
204
Pb and 
208
Pb/
204
Pb) is successful in identifying eight significant changes 
in Pb isotopic composition throughout the profile, marking different phases of 
atmospheric Pb deposition. Local dust is an important source of Pb at Hongyuan 
and dominates the deposition between 7.7-6.9 kyr BP. From 9.2 to 3.1, 2.7 to 
1.7 and 0.9 to 0.3 kyr BP, non-local Pb from mineral dust is an important 
component of the total Pb budget. This Pb tentatively originates predominantly 
from the long-range Taklamakan desert and Qaidam basin in northwestern 
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China. Stronger inputs from this source may occur at 7.9 and 6.5 kyr and 
between 5.9-3.1 kyr BP, particularly at 5.8, 5.2 and 3.1 kyr BP. The proposed 
mixture of local and long-range dust from the Taklamakan and Qaidam basin 
seems to have been the dominant Pb deposition state at Hongyuan throughout 
the Holocene. 
4. At 3.1 kyr BP there is a sudden change in Pb source, likely from northwestern 
China to the Badain Jaran and Tengger deserts of northern China. This state is 
sustained until 2.7 kyr BP, and observed again between 1.7 and 0.9 kyr BP. 
Enhanced deposition from these sources could indicate a strengthening of the 
northerly East Asian winter monsoon. Published variations in geochemical and 
geophysical indicators in lake sediments also suggest a strengthening of the 
winter monsoon at these times. 
5. The Pb and REE display similar excursions, which have implications for the 
environmental conditions on the eastern Tibetan Plateau. Both sets of proxies 
suggest a significant strengthening of the East Asian winter monsoon between 
3.1 and 2.7 kyr BP and between ca. 1.7 and 0.9 kyr BP but the REE analysis 
provides additional information on the times when this wind system prevailed 
over the eastern Tibetan Plateau. 
6. Despite similar thriving civilizations and intense bronze production in China as 
occurred in Europe, the Pb isotopic profile at Hongyuan does not record such 
mining and smelting activities. This could be due to the high altitude and remote 
location of the bog, further away from important human centres in central and 
western China.  
7. More long-term Pb isotopic records are needed from peatlands and other 
archives around China to better constrain the natural sources of deposited Pb 
and the Pb Holocene background in this region. 
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The relationship between sources and 
fluxes of dust, atmospheric circulation 
regimes and climate as documented in 
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Abstract 
 
The pattern of fluxes and contributions of dust from the loess plateau to Hongyuan 
during the early Holocene, reconstructed from the composition of the peat samples in 
the bivariate plot of LaPAAS/Th vs. Y/TbPAAS, suggests a cyclical influence of the winter 
monsoon at the site at intervals which resemble the frequency of the 1500-yr cycles 
observed in the North Atlantic. Dust input to the core after 4.8 kyr BP indicates a shift 
to sustained dryer, colder winter monsoon conditions on the eastern Tibetan Plateau 
during the late Holocene, possibly linked to the end of the Holocene Megathermal in 
central Asia, as indicated by lake records. Between 3.0-2.6 and 1.3-0.9 kyr BP, dust 
fluxes from the loess plateau increased significantly, suggesting a major strengthening 
of the winter monsoon winds during these times, in agreement with other climate 
records in the region. Episodes of enhanced winter monsoon conditions recorded at 
Hongyuan correlate reasonably well with decreases in East Asian summer monsoon 
intensity as recorded by cave deposits in southern China, suggesting that the two 
systems may have displayed an out-of-phase behaviour throughout the Holocene, as 
well as with episodes of decreasing Indian summer monsoon strength during the early 
Holocene. Increases in dust fluxes from the Taklamakan desert throughout the 
Holocene suggest that strengthening of the Westerly jet above the eastern Tibetan 
Plateau may have occurred in phase with Bond events 1,2 and 4-6. These results seem 
to agree with previous work proposing that the strength and position of the Westerly jet 
could be sensitive to cooling events in the high latitudes. Periods of strengthened winter 
monsoon in the Hongyuan record throughout the Holocene seemingly occur either at 
the same time or closely after increases in the strength of the Westerly jet at the site. 
Changes in the strength and pathway of the Westerly jet therefore provide a likely 
mechanism by which climate instabilities in the North Atlantic can propagate to regions 
in monsoonal Asia. 
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7.1. Introduction 
 
Despite numerous advances in the study of Holocene palaeomonsoon variability 
and teleconnections, the lack of terrestrial records of atmospheric circulation in central 
Asia has left many open questions concerning the relationship between the atmospheric 
circulation patterns of the different monsoon sub-systems and their mechanisms (P. 
Wang et al., 2005). First, the millennial and sub-millennial correlation between the East 
Asian summer and winter monsoons remains unclear. A recent study of three 
independently Optically Stimulated Luminescence (OSL)-dated loess-paleosol 
sequences on the Chinese loess plateau showed that proxies for enhanced winter and 
summer monsoons were not always anti-correlated (Stevens et al., 2007), suggesting 
that the generally accepted hypothesis of oscillating dominance of the two seasonal 
monsoons with changes in insolation may not represent the entire complexity of the 
system. Studies of sequences in the Chinese loess plateau and South China Sea have 
found a spectrum of phase relationships between their relative strengths, with surprising 
co-variations during the mid and late Holocene (Maher and Hu, 2006; Steinke et al., 
2010; Tian et al., 2010). Second, the relationship between the two Asian monsoon sub-
systems, the Indian and East Asian monsoons, is also a topic of debate, with some 
studies suggesting an in-phase (Chen et al., 2008 and references therein) and others an 
out-of-phase (e.g. Herzschuh et al., 2006) relationship between the two systems. Third, 
various monsoon records across Asia have revealed a link between millennial- to 
centennial monsoon variability and records of temperature and drift-ice in Greenland 
and the North Atlantic ocean (Porter and An, 1995; Guo et al., 1996; Chen et al., 1997), 
as described in section 2.2.4, notably during the Holocene (Fleitmann et al., 2003; 
Gupta et al., 2003; Y. Wang et al., 2005; Porter and Zhou, 2006; Liu et al., 2009). These 
results suggest a significant trans-continental teleconnection between East Asia and the 
North Atlantic, with the Asian monsoon possibly modulated by variations in the 
strength and pathway of the Westerly jet (Ding and Wang, 2005; Chen et al., 2008). 
The mechanisms by which climate variability in the northern latitudes and the strength 
of the high level Westerly jet influence Asian monsoon dynamics remain unclear due to 
the lack of records allowing a direct comparison between the two wind systems. 
Here, the first time series of the inferred strength of both the East Asian winter 
monsoon and the Westerly jet over the eastern Tibetan Plateau during the Holocene is 
Chapter 7 – Links between dust fluxes at Hongyuan and climate 
 
218 
 
reconstructed from the Hongyuan peat record of mineral dust deposition. Following the 
REE-based provenance study of the dust deposited in the core throughout the Holocene 
carried out in Chapter 5, a history of the relative influence of both wind patterns over 
this region was reconstructed. In this chapter, these time series are compared to each 
other as well as to published cave records of East Asian and Indian summer monsoon 
strength from southern China and Oman and records of air temperature over Greenland 
and cold events recorded in the North Atlantic. This study may help answer the 
following questions: (i) how did the East Asian winter monsoon evolve on the eastern 
Tibetan Plateau during the Holocene and how does this history fit within the general 
pattern of increasing aridity recorded by cave and lake deposits? (ii) what is the 
millennial and sub-millennial phase relationship between the East Asian winter and 
summer monsoons during the Holocene? (iii) do the East Asian and Indian monsoons 
co-vary during the same period? (iv) what is the relationship between East Asian winter 
monsoon variability and changes in the northern high latitudes, and can this relationship 
be explained by the observed variability in the strength of the Westerly jet? 
 
7.2. Results and discussion 
 
7.2.1. Determination of the dominant sources of material to the peat core 
 
Figure 7.1 summarizes the information relating to the Hongyuan peat core and the 
climatic setting of the eastern Tibetan Plateau described in previous chapters. In order 
to quantitatively assess the contribution of the different sources of dust to the peat core, 
the bivariate plot of Y/TbPAAS versus LaPAAS/Th was chosen (Fig. 7.1C). As described 
in Chapter 5, the Y/TbPAAS and LaPAAS/Th composition of the peat samples indicates 
that a mixture between three source regions fits the geochemical composition of most of 
the peat data. These are the local Tibetan soils on the eastern Tibetan Plateau, the 
Taklamakan desert of northwestern China and the Chinese loess plateau of northern 
China. These results suggest that the dust deposited in HYLK-1 could have originated 
from these three regions throughout the Holocene. If so, it is possible that the Westerly 
jet and the East Asian winter monsoon winds may have both transported and deposited 
material to the core. The dust record thus provides us with the opportunity to study the  
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Fig. 7.1: (A) Location of the Hongyuan peat core and major dust sources of northern and northwestern 
China considered in this study. Other palaeoclimate archives to which the Hongyuan record is compared 
are shown. The approximate position of the major wind currents affecting central Asia is also shown; (B) 
Age vs. depth profile of the HYLK-1 peat core; (C) Position of the HYLK-1 peat samples (black circles) 
and potential dust sources in a bivariate plot of LaPAAS/Th vs. Y/TbPAAS. The geochemical composition of 
the peat samples is best explained by a mixing between local dust from the eastern Tibetan Plateau and 
long-range dust from the Chinese loess plateau and the Taklamakan desert (represented by the < 4 µm 
fraction of surface samples). The red crosses indicate the average signature of each source based on all 
measured samples and are taken to represent the composition of each end-member. 
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strength of these two systems at the site location. At any given depth, the fraction of 
dust from each source was estimated by solving three-simultaneous equations based on 
the signature of the peat samples and of the three end-members, as described in Chapter 
5. In this chapter, however, the average signature of samples from the three sources is 
used to define the composition of each end-member (red crosses on Fig. 7.1C) rather 
than an "ideal" source composition as was carried out in the semi-quantitative analyses 
of Chapter 5. In this way, the resulting contributions can be interpreted quantitatively 
rather than semi-quantitatively. Some samples fell beyond the domain covered by the 
three-component model, mainly a result of selecting the average composition of each 
source to define the end-member signature. These samples were excluded from the 
three-component model. Two time series of the relative input of dust from the loess 
plateau (transported by the winter monsoon) and the Taklamakan desert (transported by 
the Westerly jet) to the total dust deposited in the peat core were constructed (Figs. 
7.2A, 7.2B). 
Total dust fluxes (g m
-2
 y
-1
) were calculated for each peat sample using the peat 
density ρ, sample thickness h, dust concentration ci (represented by the ash content) and 
elapsed time Δt (Chapter 5, section 5.4.4.2 and Fig. 5.14). For each time series of 
relative input displayed in Figs. 7.2A and 7.2B, the corresponding changes in dust 
fluxes from the given source were calculated as the product of the total dust flux to the 
core by the fraction of dust from that source (Figs. 7.2C, 7.2D). 
 
7.2.2. Holocene dust input from the loess plateau and Taklamakan desert: 
Proposed proxies for the strength of the winter monsoon and Westerly jet on the 
eastern Tibetan Plateau 
 
The time series of the proportion of dust from both the Chinese loess plateau and 
Taklamakan desert relative to the total dust deposited in the Hongyuan peat core (as a 
fraction of total dust), as well as the changes in dust fluxes from these sources 
throughout the Holocene, can provide useful information on changes in the strength of 
the East Asian winter monsoon and the Westerly jet at the archive location. While the 
fraction of total dust provides information on wind direction and the prevalence of one 
wind system over another at the archive location, the individual dust fluxes from each 
source allow the identification of periods of enhanced wind strength of the given wind
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Fig. 7.2: Time series of the relative contributions of dust from the Chinese loess plateau (A) and 
Taklamakan desert (B) to the total dust deposited at each depth in HYLK-1 and resulting dust fluxes from 
the Chinese loess plateau (C) and Taklamakan desert (D) calculated as the product of the fraction of dust 
from each source and the total dust flux F (g m
-2
 y
-1
) in the core at each depth (F = [ρhci]*100/Δt, where ρ 
is the peat density, h the thickness of the peat sample, ci the total dust concentration in the sample, Δt  the 
time interval represented by the sample and 100 is a conversion factor). The grey bar indicates the 
position of the mineral-rich layer. Arrows indicate periods of enhanced influence and/or dust fluxes from 
the given sources. 
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system. If the fraction and flux of dust increase in parallel, flux increases can be due 
either to a strengthening of the wind system or a geographical shift of its course over 
the archive location. When fluxes increase out of proportion with the fraction of dust 
deposited, these excursions can be interpreted as an increase in the strength of the wind 
system itself. In the following section the variability in both wind systems above the 
eastern Tibetan Plateau based on these parameters is described. 
 
7.2.2.1. East Asian winter monsoon variability at Hongyuan 
 
The time series of relative dust input from the Chinese loess plateau can be divided 
into two phases (Fig. 7.2A). During the early Holocene (from 9.5 to 4.8 kyr BP), the 
estimated dust input from the loess plateau averages 18% ± 21% of the total deposited 
dust (2σ, n = 30) and seems to have reached the Hongyuan core in three cycles: sharp 
increases in the fraction of total dust from this source are centred at 9.3, 8.1 and 6.3 kyr 
BP, followed by a slow decrease over approximately 1 kyr BP to the lowest observed 
inputs at 8.4, 6.7 and 5.2 kyr BP. This fluctuating pattern in loess input to the Hongyuan 
core suggests that the northerly East Asian winter monsoon winds affected the eastern 
Tibetan Plateau in a cyclical manner during the early Holocene and resembles the 
frequency of millennial Bond cycles in the North Atlantic (Bond et al., 2001). These 
cycles are mirrored in the record of dust fluxes from the loess plateau (Fig. 7.2C), with 
increased fluxes centred at 9.3, 8.1 and 6.3 kyr BP, and particularly at 7.7 and 5.8 kyr 
BP. 
 At 4.8 kyr BP, a sharp increase in the contribution from this source to values 
exceeding 60% of the total dust budget is observed (Fig. 7.2A). High proportions are 
sustained throughout most of the late Holocene until 1 kyr BP (53 ± 24 %, 2σ, n = 19) 
except between 2.6 and 1.8 kyr BP, when values drop down to similar levels as 
observed during the early Holocene. This pattern of deposition suggests that the eastern 
Tibetan Plateau experienced a sudden shift in the dominant wind direction affecting this 
region, with an increased and sustained effect of the East Asian winter monsoon 
throughout most of the latter half of the Holocene. Between 4.8 and 3.1 kyr BP, an 
increase in the dust fluxes from the Chinese loess plateau from < 0.4 g m
-2
 y
-1
 at 4.8 kyr 
BP to 2.84 ± 2.03 g m
-2
 y
-1
 (2σ, n = 8) demonstrates the enhanced influence of the 
winter monsoon after 4.8 kyr BP. Between 3.0-2.6 kyr BP and 1.3-0.9 kyr BP however, 
dust fluxes from the loess plateau increase to values exceeding 20 and 14 g m
-2
 y
-1
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respectively, with no accompanying increase in the fraction of total dust from this 
source (Fig. 7.2A). The large dust flux increases must thus be associated with sharp 
strengthening events of the East Asian winter monsoon winds during these times. 
 
7.2.2.2. Changing influence of the Westerly jet over the eastern Tibetan Plateau 
 
Estimated inputs from the Taklamakan desert throughout the Holocene show 
relatively high variability around a mean value of 24 ± 26 % (2σ, n = 55), with peaks 
observed at 9.5-9.4, 7.9-7.8, 6.7, 6.2, 5.8-5.5, 4.8, 3.0-2.9, 1.4 and 1.0 kyr BP (Fig. 
7.2B). These increases could be interpreted as times of enhanced influence of the 
Westerly jet in this region. The pathways of the Westerly jet shows strong latitudinal 
variations, with a southern shift towards 30˚N in the winter and a northern shift to 45˚N 
during the summer months (Kuang and Zhang, 2005; Kuang et al., 2007), and the peaks 
of increased relative dust input from the Taklamakan desert could represent periods of 
southern shifts of this wind current above the eastern Tibetan Plateau. The input peaks 
were accompanied by flux increases: between 9.5-9.4, 7.9-7.8, 6.7, 5.8, 3.0-2.8 and 1.2-
0.9 kyr BP fluxes increased from a baseline value of 1.18 ± 1. 34 g m
-2
 y
-1
 (2σ, n = 34) 
to values generally exceeding 5 g m
-2
 y
-1
 (Fig. 7.2D). 
In the following sections, the longer-term late Holocene trend of increasing East 
Asian winter monsoon influence after 4.8 kyr BP is discussed and the relationship 
between the Hongyuan dust record and other records of changing environmental 
conditions during this time is explored. The smaller scale variability in East Asian 
winter monsoon strength over the Tibetan Plateau observed during the early Holocene 
is also investigated and the relationship between the East Asian winter monsoon, the 
East Asian summer monsoon and the Indian summer monsoon on a millennial and sub-
millennial timescale is considered. Finally, the Hongyuan dust record is compared to 
temperature fluctuations in the northern hemisphere and the link between the Asian 
monsoon system, the Westerly jet and changes in the North Atlantic is investigated. 
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7.2.3. East Asian winter monsoon influence during the Late Holocene 
 
7.2.3.1. Increasing influence of the winter monsoon on the eastern Tibetan Plateau after 
4.8 kyr BP: Possible links to the end of the Holocene Megathermal 
 
Prevailing winter monsoon conditions are generally associated with the southward 
movement of dry and cold continental and polar air masses (Wang, 2006). If the 
increase in dust input from the loess plateau measured in the Hongyuan dust record at 
4.8 kyr BP, and sustained throughout most of the late Holocene, indicates a shift to the 
winter monsoon as the dominant wind pattern over the eastern Tibetan Plateau, it is 
possible that this change was accompanied by a trend towards dryer conditions in this 
region. If so, such a change could have also affected other environmental archives. By 
comparing the Hongyuan record to such archives, the link between this shift and the 
end of the Holocene Megathermal and related period of increased aridity in this region 
of the eastern Tibetan Plateau can be investigated. 
Palynological studies at Lakes Zigetang and Co Ngoin (central Tibetan Plateau) 
indicated a shift to dry conditions since 4.4 and 4.2 kyr BP respectively (Jin et al., 2005; 
Herzschuh et al., 2006). Similar changes were recorded at lake Qinghai (northern 
Tibetan Plateau) and lake Daihai (North-central China), where a change to dryer and 
colder conditions was observed after 4.5 kyr BP (Xiao et al., 2004; Shen et al., 2005). A 
review of eleven lake records in arid central Asia (Chen et al., 2008) also indicated a 
decrease in moisture and trend to dryer conditions after 4 kyr BP, although colder and 
dryer conditions were also recorded at these locations between 11 and 8 kyr BP. All 
these records link the changing environmental conditions to the end of the Holocene 
Megathermal and the changes recorded at Hongyuan could provide a further indication 
of the onset of dryer and colder conditions on the eastern Tibetan Plateau. Additionally, 
sedimentological and palynological records from the eastern and northwestern China 
sea also indicate an increasing influence of the winter monsoon in eastern China (Xu et 
al., 2009; Li et al., 2010), suggesting that the general pattern of growing aridity after ca. 
5 kyr BP was not restricted to northern China and the Tibetan Plateau and may have 
been part of a regionally important event.  
Between 2.6 and 1.8 kyr BP, however, this pattern of increased East Asian winter 
monsoon influence seems to have been interrupted at Hongyuan. Based on the bivariate 
plot (Fig. 7.1C), local contributions to the total dust deposited in the peat core during 
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this time were high and exceeded 80% within certain samples. Such high proportions of 
local material may reflect changes in local conditions around the peat bog and may 
potentially override the long-range input from the distal sources.  
 
7.2.3.2. Changing dust fluxes in the Late Holocene: Links to East Asian winter monsoon 
strength 
 
Between 3.0-2.6 and 1.3-0.9, dust fluxes to the core increased significantly, 
suggesting an increase in the strength of the winter monsoon. This observation is in 
agreement with published studies of sedimentation and vegetation changes on the loess 
plateau. Since loess deposition within the plateau itself is governed by the strength of 
the winter monsoon (Lu et al., 2000; Feng et al., 2006), proxies for aridity and enhanced 
deposition in this source region are good indicators of increasing winter monsoon 
strength. A recent study of vegetation changes along a transect on the western loess 
plateau during the Holocene suggested a shift towards desert steppe vegetation between 
3.1 and 2.9 kyr BP and around 1 kyr BP, indicating dry conditions in the dust source 
region (Feng et al., 2006). Dry conditions were also observed in the western loess 
plateau after 3.1 kyr BP based on the timing of burial of paleosol horizons by aeolian 
loess in several profiles (Huang et al., 2002). At Kusai lake, on the northern Tibetan 
Plateau, geochemical proxies also indicated a strengthening of the winter monsoon 
between 1.0 and 0.9 kyr BP (Liu et al., 2009). The timing of these changes, both in the 
source and deposition regions, match the two increases in dust fluxes measured at 
Hongyuan between 3.0-2.6 and 1.3-0.9 kyr BP and support the idea that these episodes 
represent periods of enhanced winter monsoon strength, depositing more material in the 
loess plateau itself as well as further south to the eastern Tibetan Plateau.  
The combination of  provenance tracers (proxies for wind direction) and dust fluxes 
(proxies for wind strength) thus allows a dual study of potential changes in the winter 
monsoon above the eastern Tibetan Plateau during the late Holocene: Provenance 
tracing suggests that a potentially significant climatic reorganization occurred after 4.8 
kyr BP, with an increased influence of the winter monsoon over the eastern Tibetan 
Plateau between 4.8 and 2.6 kyr BP and between 1.8 and 0.9 kyr BP. Dust flux 
measurements suggest that this wind system potentially strengthened between 3.0 and 
2.6 kyr BP and between 1.3 and 0.9 kyr BP, in agreement with vegetation and 
sedimentary data from the Tibetan and Chinese loess plateaux. 
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7.2.3.3. Relationship to long-term trends in the summer monsoon and Greenland air 
temperature: Possible links to solar insolation 
 
The increase in East Asian winter monsoon influence recorded at Hongyuan at 4.8 
kyr BP mirrors a long-term increase in the δ18O of stalagmites DA and D4 from Dongge 
cave since ca. 7-5 kyr BP (Dykoski et al., 2005; Y. Wang et al., 2005) (Fig. 7.3). The 
δ18O composition of cave calcite represents that of meteoric precipitation and is taken 
as a proxy for East Asian summer monsoon strength, where an increase in δ18O 
represents a decrease in summer monsoon intensity through the named amount effect. 
This long-term summer monsoon weakening has been linked to the gradual weakening 
in northern hemisphere solar insolation. This period is also marked by a gradual cooling 
of Greenland air temperature (Andersen et al., 2004), evidenced by a decrease in the 
δ18O composition of the ice, which suggests that the strengthening of the East Asian 
winter monsoon recorded over the eastern Tibetan Plateau may be linked to both 
changes in insolation forcing and northern latitude climate during the middle and late 
Holocene.  
In order to further examine the possible links between the East Asian winter and 
summer monsoons and between the monsoon and climatic changes observed in 
Greenland and the North Atlantic, the shorter term variability of the loess dust fluxes in 
the Hongyuan record on a millennial and sub-millennial timescale is examined. It must 
be noted that interpretations of potential links between different records (and hence 
different environmental systems) are based on visual correlations only in this work. 
Each record was plotted according to its own age model, resulting in different sources 
of dating error for each curve. An in depth statistical analysis of the correlation between 
different records is beyond the scope of the present work but could be subsequently 
carried out to interpret seemingly concurrent changes in different systems. 
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  Fig. 7.3. Comparison of the time series of the contribution of dust from the loess plateau to the total 
deposited dust in HYLK-1 (A) to the smoothed (10-point running average) δ18O record of stalagmite DA 
and smoothed (5-point running average) δ18O record of stalagmite D4 from Dongge cave (Dykoski et al., 
2005; Y. Wang et al., 2005) (B, C) as well as to the NGRIP δ18O record (Andersen et al., 2004) (D). The 
increase in dust contribution from the loess plateau at 4.8 kyr BP is broadly correlated with the long term 
increase in calcite δ18O and decrease in NGRIP δ18O. Blue dashed lines in records B-D represent the 
smoothed 99- 37- and 20-point running average respectively. 
Chapter 7 – Links between dust fluxes at Hongyuan and climate 
 
228 
 
7.2.4. Millennial and sub-millennial variability of the Asian monsoon: Exploring 
the relationships between the winter and summer Asian monsoons 
 
7.2.4.1. Comparisons with records of East Asian summer monsoon strength 
 
In recent years, the phase relationship between the East Asian summer and winter 
monsoons during the Holocene has been a topic of debate. While some records suggest 
that the anti-phase relationship which governs the orbital variability of the two systems 
(Ding et al., 1994; Porter and An, 1995) is also observed on shorter timescales (Liu et 
al., 2009; Xu et al., 2009), recent palaeomonsoon studies in the western loess plateau 
and South China sea and modelling studies have suggested that this anti-phase 
behaviour did not hold during the mid and late Holocene (Maher and Hu, 2006; Zhou 
and Zhao, 2009; Steinke et al., 2010; Tian et al., 2010). 
The time series of dust fluxes from the loess plateau, taken as a proxy for East 
Asian winter monsoon strength in this region, are compared to the detrended Δ18O 
record from stalagmite DA in Dongge cave (Y. Wang et al., 2005) and the δ18O records 
from stalagmites D4 and H5 from Dongge and Hoti caves respectively (Neff et al., 
2001; Dykoski et al., 2005) (Fig. 7.4). The record from stalagmite DA was detrended to 
remove the long term orbitally-induced changes in δ18O and enhance the short 
millennial and sub-millennial variability of the record. Twelve periods of proposed 
enhanced East Asian winter monsoon over the eastern Tibetan Plateau are numbered on 
Figure 7.4 and include the two episodes of winter monsoon strengthening between 3.0-
2.6 and 1.3-0.9 kyr BP. Comparison of the Hongyuan record of East Asian winter 
monsoon variability to the oxygen isotope records of summer monsoon variability in 
stalagmites DA and D4 in Dongge cave (Dykoski et al., 2005; Y. Wang et al., 2005) 
suggests that periods of strengthened winter monsoon could tentatively be correlated to 
decreases in summer monsoon intensity in southern China, with winter monsoon flux 
peaks 1-5 and 8-12 matching shifts to more positive δ18O values in the Chinese 
stalagmites. This suggests that the East Asian winter and summer monsoons may show 
an inverse correlation not only on orbital timescales through decreasing solar insolation 
in the mid-Holocene, but also on millennial and sub-millennial timescales. The inverse 
correlation between the winter and summer monsoons during the Holocene has been 
observed in other palaeoclimate records such as Kusai lake on the northern Tibetan Pla- 
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Fig. 7.4: Comparison of dust fluxes from the Chinese loess plateau measured in HYLK-1 (g m
-2
 y
-1
), 
taken as a proxy for the strength of the East Asian winter monsoon in this region (A) to the smoothed 
(10-point running average) detrended Δ18O record of Dongge cave stalagmite DA (Y. Wang et al., 2005) 
(B), the δ18O record of Dongge cave stalagmite D4 (Dykoski et al., 2005) (C) and the δ18O record of Hoti 
cave stalagmite H5 (Neff et al., 2001) (D). Peaks in winter monsoon strength are numbered 1-12 and can 
be correlated to peaks in stalagmite δ18O. 
 
  
Chapter 7 – Links between dust fluxes at Hongyuan and climate 
 
230 
 
teau (Liu et al., 2009) as well in the East China sea (Xu et al., 2009). The fact that not 
all shifts in calcite δ18O are accompanied by increases in winter monsoon strength 
measured at HYLK-1 could be due to the lower temporal resolution of the peat record, 
arising from two sources: the necessity to combine certain peat samples for the ash 
determination in order to obtain sufficient inorganic material, and the construction of 
the geochemical source tracing model, which excludes data points plotting outside of 
the area bound by the three source compositions (Fig. 7.1C). 
The most notable features of the record of winter monsoon strength at Hongyuan 
are the two pronounced peaks in winter monsoon intensity observed 3.0-2.6 and 1.3-0.9 
kyr BP, and these two events have their counterparts in the summer monsoon records. 
However, the magnitude of the change in winter monsoon strength seems to have been 
more pronounced, suggesting that the strength of the east Asian winter monsoon may be 
influenced by additional factors. 
 
7.2.4.2. Relationship with the Indian summer monsoon 
 
Comparison of the East Asian winter monsoon record at Hongyuan during the early 
Holocene to the δ18O record of Indian summer monsoon intensity from Hoti cave in 
Oman (Neff et al., 2001) suggests that all the peaks in winter monsoon intensity on the 
eastern Tibetan Plateau, interpreted from the dust flux record from the loess plateau, 
could be correlated with periods of decreased Indian summer monsoon intensity in 
Oman (peaks 8-12, Fig. 7.4). This could suggest an out-of-phase behaviour between 
these two systems, at least during the time period covered by the Hoti cave record. 
The present-day boundary between the East Asian and Indian monsoons is located 
at approximately 105˚E (P. Wang et al., 2005). The record of East Asian winter 
monsoon strength at Hongyuan was measured very close to this boundary (102˚31E). If 
the strength of the winter monsoon and Indian summer monsoon are anti-correlated, 
this relationship could represent geographical shifts of the location of this boundary: 
Increases in winter monsoon strength over the eastern Tibetan Plateau may signify a 
westward shift of the boundary and vice-versa. The calculated dust fluxes from the 
loess plateau are used to qualitatively infer such movements in the East Asian-Indian 
monsoon boundary during the Holocene. 
When dust provenance tracing was carried out at HYLK-1 (Fig. 7.1C), surface 
samples from the Thar desert of northwestern India were measured alongside the 
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Chinese and Tibetan potential dust sources. The results indicated the absence of Indian 
dust in the Hongyuan peat core throughout the Holocene (see Chapter 5), suggesting 
that the boundary between the two sub-systems lay westward of HYLK-1, and thus of 
the present-day boundary of 105˚E, throughout the length of the datable peat interval 
(0.3 - 9.5 kyr BP). In order to construct a qualitative model of the westward shift of this 
boundary, it is assumed as a starting point that low dust fluxes from the loess plateau 
(i.e. proposed weak winter monsoon conditions over the eastern Tibetan Plateau) 
represent a boundary between the sub-systems only slightly west of HYLK-1, i.e. in the 
vicinity of 102˚E. A starting position of near 102˚E is assigned to dust fluxes lower than 
2.5 g m
-2 
y
-1
. Each subsequent 2.5 g m
-2 
y
-1
 increment of dust flux from the loess plateau 
is assigned an additional qualitative unit of "westward shift" of the boundary between 
the Asian monsoon sub-systems. This was applied to the time interval represented by 
each peat sample and the resulting model is presented in Figure 7.5. The model suggests 
that the boundary between the two sub-systems showed a maximum westward shift 
between 3.1-2.8 and 1.3-0.9 kyr BP. Smaller but pronounced shifts, of approximately 
half that observed during the periods described above, were observed between 2.7-2.5 
kyr and 1.8-1.7 kyr BP. Finally, the periods between 4.9-4.8, 4.6-3.2 and 2.1-2.0 kyr BP 
also experienced a westward shift of this boundary, modelled to be approximately a 
quarter of the strongest movement observed between 3.1-2.8 and 1.3-0.9 kyr BP. The 
strength and position of the Indian summer monsoon are intrinsically linked to the 
position of the Inter-Tropical Convergence zone (ITCZ, Wanner et al., 2008), so such a 
model could also be used as a qualitative benchmark for the interpretation of the 
oscillation of the position of the ITCZ over central Asia throughout the Holocene and 
for the comparison of other records of ITCZ migration. 
 
7.2.5. Links to the northern hemisphere high latitudes: Exploring the role of the 
Westerly jet 
 
7.2.5.1. Response of the Westerly jet to changes in the North Atlantic 
 
Figure 7.6 displays the records of inferred dust flux from the loess plateau and 
Taklamakan desert, the detrended oxygen isotopic record of the NGRIP Greenland ice 
core (Andersen et al., 2004), as well as the timing of Bond events 1-6 in the North 
Atlantic (Bond et al., 2001). The proposed strengthening of the Westerly jet over the 
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Fig. 7.5: Qualitative model of the position of the boundary between the East Asian and Indian monsoon 
sub-systems based on the observation that the strength of the East Asian winter monsoon and Indian 
summer monsoons are anti-correlated. The westward shift of the boundary is assigned a unit based on the 
modelled dust fluxes from the Chinese loess plateau. The lowest fluxes measured in HYLK-1 (<2.5 g m
-2
 
y
-1
) are assigned a boundary position in the vicinity of the peat core (102˚E). 
Chapter 7 – Links between dust fluxes at Hongyuan and climate 
 
233 
 
eastern Tibetan Plateau at 9.5-9.4, 7.9-7.8, 6.7, 5.8, 4.8, 3.0-2.8 and 1.2-0.9 kyr BP 
could be linked to Bond events 1, 2 and 4-6. This relationship could corroborate 
previous work suggesting that the strength and position of the Westerly jet were 
sensitive to cooling events at high latitudes during the Holocene. Given that the position 
of the Westerly jet over central Asia on an annual basis is characterized by southward 
movements during winter and northward movements during summer, increased 
Taklamakan desert fluxes during cold periods in the northern hemisphere could indicate 
a southern shift of the Westerly jet. Understanding the timing of movements of the 
Westerly jet over this region in response to changes in the North Atlantic is important 
for the study of future changes in atmospheric circulation and dust transport in central 
Asia. Given the important effects of dust particles on the radiative properties of the 
atmosphere and the health problems caused by heavy dust storms, an improved 
understanding of the mechanisms by which the pathways of dust may vary over 
different timescales is of great importance. 
 
7.2.5.2. Comparison of winter monsoon variability at Hongyuan with Greenland and 
North Atlantic records 
 
Comparison of the record of East Asian winter monsoon strength at Hongyuan to 
the NGRIP δ18O record (Andersen et al., 2004) suggests that certain increases in the 
strength of the East Asian winter monsoon could covary with decreasing air 
temperatures (i.e. decreasing δ18O) above Greenland (peaks 2, 3, 6, 8, 11, 12, Fig. 7.6). 
Additionally, winter monsoon peaks 1, 4, 5, 7, 10 and 11 have similar timings as Bond 
events 1-5 in the North Atlantic (Bond et al., 2001), suggesting the possibility of a 
trans-continental link between the winter monsoon and the North Atlantic during the 
Holocene. The link between winter monsoon strength and cold periods recorded in 
Greenland and the North Atlantic has been established in a number of studies for the 
period between the last glacial maximum and the Holocene, such as during the Younger 
Dryas or Heinrich events (Porter and An, 1995; Chen et al., 1997; Liu and Ding, 1998; 
Wang et al., 2001; Rohling et al., 2009; Tian et al., 2010). Recent work has suggested 
that this link may also hold during the Holocene (Y. Wang et al., 2005; Liu et al., 2009; 
Rohling et al., 2009). For example, Liu et al. (2009) evoked the possibility of such a 
connection through similarities between their record of total organic carbon and grain 
size at Kusai lake and Bond events 0 and 2, while Porter and Zhou (2006) used the ap-  
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Fig. 7.6: Comparison of the dust fluxes from the Chinese loess plateau (A) and Taklamakan desert (B) 
measured in HYLK-1, taken as proxies for the strength of the winter monsoon and Westerly jet 
respectively, and the detrended record of NGRIP Δ18O (Andersen et al., 2004), calculated as the 
difference between the δ18O record and its 10th-order Fourier Transform (C). The timing of Bond events 
1-6 in the North Atlantic (Bond et al., 2001) is also shown. Increases in winter monsoon strength above 
the eastern Tibetan Plateau are relatively well correlated to decreases in Greenland Δ18O (i.e. decreasing 
air temperatures) and Bond events 1-5, and are synchronous or follow increases in the strength of the 
Westerly jet at the archive location. 
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pearance of radiocarbon dates in a number of loess-paleosol sequences along the loess 
plateau to correlate East Asian monsoon variability with proxies for drift ice in the 
North Atlantic. The history of East Asian winter monsoon variability interpreted from 
the Hongyuan dust record seems to agree with these studies in indicating a response of 
the monsoon system to changes in the northern latitudes. 
It is noted that all peaks in winter monsoon intensity recorded in HYLK-1 match 
either one or several of the following: decreases in Greenland air temperature, cold 
events recorded in the North Atlantic or orbitally-induced weakening of the summer 
monsoon. This suggests that winter monsoon intensity over the eastern Tibetan Plateau 
may be controlled both by solar insolation and temperature changes in the northern 
latitudes.  
Changes in the strength and pathway of the Westerly jet provide a likely 
mechanism by which climate instabilities in the North Atlantic can propagate to regions 
in monsoonal Asia (Porter and An, 1995; Chen et al., 1997; Lu et al., 2000). Indeed, 
periods of strengthened winter monsoon in the Hongyuan record throughout the 
Holocene appear to either occur at the same time or follow closely increases in the 
strength of the Westerly jet at the site (Fig. 7.6), suggesting a relatively fast response of 
the winter monsoon to changes in the Westerly jet. The link between the strength the 
winter monsoon and the Westerly jet in central Asia, as well as their close match to 
Bond events in the North Atlantic, suggest that changes in the winter monsoon are 
sensitive to North Atlantic climate and could provide additional information regarding 
the role of the Westerly jet in propagating such changes to central Asia.  
Based on the interpretations of the time series of winter monsoon and Westerly jet 
strength and dominance on the eastern Tibetan Plateau (Fig. 7.2), as well as their 
comparison with climate in the North Atlantic (Fig. 7.6), synthetic maps were created, 
which represent qualitative interpretations of the position of these two systems in 
central Asia during different time slices of the Holocene (Fig. 7.7). Rather than 
representing the exact position of the wind currents, Figure 7.7 should be interpreted as 
the comparative location of their pathways at different times. 
At 9.5 and 7.9 kyr BP (Fig. 7.7A), the influence of the Westerly jet over the eastern 
Tibetan Plateau strengthened, as seen by the increases in the proportion and fluxes of 
dust from the Taklamakan desert reaching the peat core during these times (represented 
by arrows on Figure 7.6). The correlation of this heightened influence with Bond events 
5-6 in the North Atlantic suggests a southward migration of the Westerly jet at these 
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times. Both of these events were followed by an increased influence of the winter 
monsoon above the same region at 9.3 and 7.7 kyr BP (Fig. 7.6), with an accompanying 
reduction in that of the Westerly jet (Fig. 7.7B). This could be interpreted as a south-
westward shift of the winter monsoon and northward shift of the dominant pathway of 
the Westerly jet.  
The interval between 4.9 and 3.0 kyr BP (Fig. 7.7C) is marked by a sustained 
increase in the influence of the winter monsoon over the eastern Tibetan Plateau, 
characterized by the dominance of dust from the loess plateau in the peat core (Figs. 
7.2, 7.6). This suggests a southward shift of the winter monsoon above the plateau, 
located further south than at any stage during the early Holocene. The strength of the 
Westerly jet during this time, based on the dust fluxes from the Taklamakan desert, is 
not as strong as observed at 9.5 and 7.9 kyr but stronger than at 9.3 and 5.5 kyr, 
resulting in an intermediate position of this wind system. Based on comparisons with 
humidity records around the Tibetan Plateau and central China, this shift could mark the 
end of the Holocene Megathermal on the eastern plateau, which is thought to be driven, 
at other locations, by insolation changes. 
Between 3.0-2.6 and 1.3-0.9 kyr BP (Fig. 7.7D), dust fluxes associated with the 
winter monsoon increase out of proportion with the contribution of dust from the loess 
plateau and with any previously observed dust fluxes from this source. This suggests 
that the increased fluxes are not the product of the geographical movement of the wind 
system but rather of the general strengthening of the winter monsoon winds, in tune 
with Bond events 1 and 2 in the North Atlantic. The influence of the Westerly jet above 
the plateau also increased during these times, suggesting that they may represent the 
means by which changes in the North Atlantic are propagated to central Asia, but does 
not exceed that observed at 9.5 and 7.7 kyr BP. 
 
7.3. Conclusions 
 
The quantitative study of the fluxes and provenance of mineral dust deposited to 
the Hongyuan peatland, eastern Tibetan Plateau, allows the reconstruction of 
atmospheric circulation patterns of the winter monsoon and Westerly jet in this region 
throughout the Holocene. Results suggest a growing influence of the winter monsoon 
after 4.8 kyr BP, which could indicate the onset of dryer, colder conditions on the Tibe- 
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Fig. 7.7: Synthetic maps showing the relative changes in the pathway of the winter monsoon and 
Westerly jet during different periods of the Holocene, interpreted from the record of dust deposition at 
HYLK-1. Increases in the proportions and/or dust fluxes from the loess plateau are interpreted as a 
migration or strengthening of the winter monsoon over the eastern Tibetan Plateau. Increases in 
proportions and/or fluxes from the Taklamakan desert are interpreted as southern migrations of the overall 
position of the Westerly jet over the Tibetan Plateau. 
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tan Plateau during the late Holocene, in agreement with lake studies across this region. 
The increase mirrors the reduction in East Asian summer monsoon intensity during the 
late Holocene derived from cave records in southern China, as well as the decreasing air 
temperature over Greenland. Both trends have been associated with the reduction in 
orbitally-induced solar insolation in the northern hemisphere, which may suggest a 
similar control on long-term trends in the winter monsoon. 
Comparison of the millennial and centennial-scale variability of the dust fluxes 
associated with the winter monsoon measured at Hongyuan to the Dongge cave record 
of summer monsoon intensity suggests an anti-phase behaviour of the East Asian winter 
and summer monsoons throughout the entire Holocene. A similar anti-correlation is 
observed with the Indian summer monsoon during the early Holocene on the basis of 
comparison with a record of Indian monsoon intensity measured at Hoti cave. This 
suggests that the boundary between the East Asian and Indian monsoons may have 
oscillated throughout the Holocene, with the periods of strongest winter monsoon dust 
fluxes measured between 3.0-2.6 and 1.3-0.9 kyr BP possibly indicating the 
westernmost position of this boundary over the Tibetan Plateau. 
Periods of increased winter monsoon influence over the Tibetan Plateau are 
generally well correlated with Bond events in the North Atlantic or cooler air 
temperatures in Greenland, suggesting a link between the climate histories of 
monsoonal Asia and the northern latitudes. The results presented here suggest that the 
variability of the strength of the Westerly jet could account for the propagation of such 
changes to central Asia. 
Given the results obtained from the dust provenance and fluxes at Hongyuan and 
their comparison to a range of climate archives around central Asia, India and the 
northern latitudes, it seems that the strength of the winter monsoon over the eastern 
Tibetan Plateau may respond to changes in solar insolation and northern hemisphere 
climate. 
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Abstract 
 
Asian dust emissions are thought to have important effects on regional climate and 
air quality, with the potential to alter large scale monsoonal circulation. Numerical 
model simulations provide a useful platform for investigating the interactions between 
the dust cycle and environmental change in Asia but the validation of model results is 
still limited by the scarcity of ground observations of dust deposition fluxes on the 
Asian continent. A regional atmosphere-chemistry/aerosol climate model is applied 
here to simulate Asian dust emissions and transport over East Asia during the years 
1996-1998 and compare model results (in terms of deposition fluxes and dominant dust 
sources) to those recorded in the Hongyuan peat core. For the work carried out in this 
thesis, a simple dust emission scheme was implemented in the existing regional model 
to provide first order estimates of dust emission fluxes as a function of surface wind 
friction velocity, with a series of basic assumptions regarding soil surface properties. 
The model was found to produce reasonable dust emission fluxes from the Chinese dust 
sources, with average annual emissions of 179 Mt y
-1
, but to overestimate modelled 
dust emissions from northwestern India (85 Mt y
-1
) compared to satellite-derived 
observation. The model produces reasonable average deposition fluxes to the peat core, 
with average simulated and observed deposition fluxes of 9.4 g m
-2
 y
-1
 and 6.1 g m
-2
 y
-1
 
respectively. This suggests that the simple dust emission scheme could provide a useful 
basis for the study of Asian dust transport and deposition over central Asia. However, 
the study of the inter-annual variability of model results shows that the range of 
modelled dust fluxes does not cover the entire variability measured in the archive, 
suggesting that a simulation integration time of three years does not fully reveal the 
possible model inter-annual performance as well as the possible different environmental 
conditions which affected certain periods of the Holocene. Sensitivity tests show that 
modelled dust fluxes are sensitive to the parameterization of erodible surfaces. The 
results suggest that the regional model holds the potential to study past and present dust 
cycles in Asia but evidence the need for more terrestrial validation datasets to further 
refine dust models in this region. 
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8.1. Introduction 
 
The interactions between the global atmospheric dust cycle and the Earth's climate 
system are complex and the magnitude of direct and indirect impacts of mineral dust 
aerosols on climate remain uncertain. Atmospheric dust aerosols may play an important 
role in modulating climate by altering the radiative balance of the atmosphere (Tegen et 
al., 1996; Sokolik et al., 2001; Woodward, 2001), supplying nutrients to marine (Duce, 
1995; Watson et al., 2000) and terrestrial (Chadwick et al., 1999) ecosystems or 
influencing cloud nucleation and optical properties (Levin et al., 1996). Climate change 
can in turn affect atmospheric dust loadings and transport patterns, through the 
sensitivity of dust emissions to a number of factors such as vegetation cover 
(Marticorena et al., 1997; Wyatt and Nickling, 1997) and wind speed and direction (e.g. 
White, 1979). There is thus much interest in studying the atmospheric dust burdens on a 
regional and global scale. 
Understanding dust emissions and transport over the Asian continent is of 
particular interest as the deserts and sandy lands of northern China and southern 
Mongolia are considered the second largest global dust emitters and the largest dust 
sources in Asia (Merrill et al., 1989; Merrill et al., 1994; Zhang et al., 1998; Prospero et 
al., 2002, Zender et al., 2003). Model estimates of global dust emissions show a wide 
range of values, varying between 800 and 1700 Mt y
-1
 (Mahowald et al., 1999; Tegen et 
al., 2002; Zender et al., 2004). Similarly, estimates of Asian average dust emissions can 
range from ~ 100 Mt y
-1
 in model simulations (Zhang et al., 2003) to 800 Mt y
-1
 based 
on geochemical measurements of suspended aerosols (Zhang et al., 1997). 
Approximately 70% of this dust is assumed to be transported over the Asian continent 
and towards the Pacific ocean (Zhang et al., 1997). The ways by which Asian mineral 
dust aerosols interact with climate may have important consequences for atmospheric 
circulation patterns in monsoon-dominated Asia. For example, recent model 
simulations have suggested that the absorption of solar radiation by mineral dust over 
the Tibetan plateau may act as an "elevated heat pump", and alter the atmospheric 
monsoon circulation (Lau et al., 2006). Aeolian dustfalls in urban centres in Asia have 
also become a growing concern for the health of populations and ecosystems through 
their mixing with pollution aerosols (Jeong and Park, 2008; Yuan et al., 2008). 
Furthermore, the relationships between dust transport and climate in Asia are 
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complicated by the complex topography (Tibetan Plateau and Himalayas) and 
shoreline, which impose additional difficulties when modelling climate variability in 
this region (Seth and Giorgi, 1998). In a scenario where increasing modifications in 
land-use as well as global environmental changes are likely to have a strong impact on 
future Asian dust emissions, it is important to keep studying past and present Asian dust 
dynamics and their potential interactions with the Asian monsoon. 
Numerical modelling provides an opportunity to study the factors affecting dust 
emissions, transport and deposition and investigate the relationships between dust 
burdens and the Asian monsoon climate. Asian dust emissions and transport have been 
examined in a number of numerical model studies (Wang et al., 2000; Gong et al., 
2003; Shao et al., 2003; Zhang et al., 2003a; Laurent et al., 2006; Lee et al., 2006; Uno 
et al., 2006), with a specific focus on the parameterization of realistic dust emission 
functions (Tegen et al., 2002; Gong et al., 2003; Laurent et al., 2006) and the transport 
of dust to urban centres in eastern China, Japan, and the remote Pacific ocean (Lee et 
al., 2006; Uno et al., 2006). However, validation datasets of dust deposition rates do not 
have a good global coverage, with a notable lack of terrestrial sites (Lawrence and Neff, 
2009), and there remains a scarcity of ground observations of dust emission and 
deposition rates in central Asia. Given that the emission, transport and deposition of 
mineral dust particles are complex and difficult to model, the lack of terrestrial 
measurements of deposition rates makes it difficult to judge whether model results are 
realistic (Grini et al., 2005; B. Zhang et al., 2008), leading to a range of model 
parameterizations and estimates in Asia (e.g. Uno et al., 2006).  
Terrestrial long-term archives of dust deposition and geochemical or mineralogical 
provenance studies can provide useful constraints to test models of dust emissions and 
transport in terrestrial settings. Glacial dust archives have been used to constrain global 
circulation model (GCM) simulation results (Mahowald et al., 1999; Lunt and Valdes, 
2002a, 2002b) but such comparisons have seldom been carried out in terrestrial settings. 
In the present study, the regional atmosphere-chemistry/aerosol climate model 
REMOTE (Langmann, 2000) is applied to simulate Asian dust emissions and transport 
over East Asia during the years 1996-1998 and compare modelled deposition fluxes on 
the eastern Tibetan Plateau to those measured in the Hongyuan peat core. These years 
were chosen as they represent three different modes of Asian monsoon strength, with a 
normal year (1996), a dry year (1997) and a wet year (1998), and have been used in 
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previous modelling work of precipitation and wind patterns in this region (Cui, 2005; 
Cui et al., 2007, 2008).  
The aim of this chapter is to perform a preliminary study of annual dust transport to 
the eastern Tibetan Plateau using REMOTE and estimate the ability of the model to 
reproduce first order estimates of long term dust deposition rates in this region. If the 
resulting fluxes are realistic, the model parameterizations will be refined in subsequent 
work. The following objectives were outlined to carry out this study: (i) include a 
parameterization for dust emissions from the sources of interest into the existing model; 
(ii) simulate dust emissions, transport and deposition over the study area during the 
years 1996-1998; and (iii) compare modelled emission and deposition fluxes to 
published work and to the fluxes measured in the Hongyuan core. In the following 
sections, the model setup and parameterizations for dust emissions, transport and 
deposition to be tested against observed fluxes in the Hongyuan core are described. 
Simulation results are then discussed in terms of emissions and transport pathways of 
dust released from different source regions to the eastern Tibetan Plateau and the 
resulting deposition fluxes are compared to the long term mean dust fluxes measured in 
the peat core. A final part describes the results of sensitivity studies to assess the impact 
of different model setups on the resulting fluxes and provides an outlook onto 
improvements for future investigations of atmospheric dust studies over Asia using 
numerical models such as REMOTE. 
  
8.2. Model description and parameterization 
 
8.2.1. Model configuration 
 
        In this work, REMOTE was applied with a horizontal resolution of 0.5˚ x 0.5˚ and 
20 vertical layers. The model domain extends from 50˚E to 146.5˚E and from 0˚N to 
60.5˚N, subdivided into 193 x 121 grid cells (Fig. 8.1), and covers all of China, India, 
Mongolia and parts of the Indian and Pacific oceans. The model was initialized over the 
study area using meteorological analysis data from the European Centre for Medium 
Weather Forecast (ECMWF). After initialization, the model develops independently 
inside the model domain, solving the prognostic equations characterising the model 
atmosphere on an Arakawa C-grid (Mesinger and Arakawa, 1976) at every model 
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timestep of 5 min. At the lateral boundaries, the ECMWF data was updated every 6 
hours with linear interpolation in between. 
In order to simulate the transport of mineral dust aerosols from the dust sources of 
interest to the eastern Tibetan Plateau, the surface areas capable of emitting dust 
aerosols must be prescribed and the processes related to the production, transport and 
sinks of the dust aerosols must be explicitly parameterized. Sections 8.3.2 and 8.3.3, 
provide an overview of these parameterizations in different numerical modelling studies 
and describe those used in this work. 
Mineral dust emissions from an erodible surface occur when the wind friction 
velocity above the land surface exceeds a threshold value (Marticorena and Bergametti, 
1995). In this work, a value of the threshold wind friction velocity was computed into 
the existing model for each erodible grid cell at every time step, based on the surface 
properties of the erodible surfaces. Mineral dust was emitted when the surface wind 
friction velocity exceeded the computed threshold value. Once released into the 
atmosphere, dust aerosols were considered passive species and underwent different 
transport processes prescribed in the pre-existing version of REMOTE: horizontal and 
vertical advection (Smolarkiewitz, 1983), transport in convective clouds (Tiedtke, 
1989) and vertical turbulent diffusion (Mellor and Yamada, 1973). 
Dust particles were then removed from the atmosphere by dry deposition, 
sedimentation and wet deposition through processes previously prescribed in 
REMOTE. Dry deposition and sedimentation parameters were based on Wesley (1989). 
Wet deposition was calculated as the product of grid-averaged precipitation rate and 
mean cloud water concentration (Walcek and Taylor, 1986), calculated from cloud base 
to cloud top for fair weather clouds (cloud base is defined as the first layer above the 
surface containing more than 0.001 g/kg of liquid water and cloud top as the highest 
level exceeding such an amount), and from the surface to cloud top for raining clouds. 
Three independent simulations were run for the years 1996, 1997 and 1998 from 
January through to December. Initial dust concentrations were set to zero at the start of 
each year. An individual tracer was assigned to each dust source considered 
(Taklamakan desert, Qaidam basin, Badain Jaran desert, Tengger desert, Thar desert 
and the remaining dust grid cells which are taken to include various loess deposits) so 
that the dust deposited at the grid cell containing the location of the Hongyuan peat core 
could be assigned to its specific source region. In total, six different tracers were 
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considered. Dust mass concentrations were transported, rather than particle number or 
specific size fractions. 
REMOTE can be run in either of two modes. In the "Climate" mode, ECMWF-
analysis data is used to initialize the model domain at the start of a simulation. At the 
lateral boundaries, the model is updated with the meteorological data every 6h but there 
are no continuous updates within the domain and the model is free to respond to 
variations in internal parameters. In the "Forecast" mode, meteorological input data can 
be updated throughout the model domain every 30 h, keeping the model atmosphere 
closer to the observed meteorological conditions of the particular input data chosen. Cui 
et al. (2008) performed experiments using REMOTE over Asia in the both modes and 
found that using the Forecast mode better represented the inter-annual variability of 
total precipitation over the model domain but restricted its ability to simulate meso-
scale phenomena. The authors concluded that REMOTE simulations in climate mode 
such as were carried out in the present study is more suited for long term mean climate 
studies but not for simulation of individual years. The purpose of this preliminary sudy 
using REMOTE is to compare modelled dust deposition fluxes on the eastern Tibetan 
Plateau to long term average fluxes recovered from the Hongyuan peat core during the 
Holocene. Given the resolution of the radiocarbon age-dating (Table 5.1), these fluxes 
represent long-term averages over periods of decades to centuries. In this view, it is not 
of interest to accurately simulate short-term (daily, weekly) events (better resolved in 
the Forecast mode) but rather to test the potential of REMOTE to simulate long-term, 
meso-scale trends in dust deposition to the eastern Tibetan Plateau. Therefore, applying 
the model with continuous updates over the entire domain in the Forecast mode is not 
suitable and all simulations were carried out in the Climate mode. 
 
8.2.2. Mineral dust source areas 
 
The first step in the simulation of Asian dust emissions from the sources of interest 
is the correct representation of erodible surfaces available for dust emissions. The 
means by which erodible surfaces are defined in climate models, on a global or regional 
scale, remains an important question. Aeolian deflation of dust generally occurs on 
sparsely vegetated, dry surfaces, where fine grain material has accumulated and is 
available for mobilization. While some simulations studies used constraints such as soil 
moisture (Joussaume, 1990), vegetation effects (Tegen and Fung, 1994; Mahowald et 
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al., 1999; Lunt and Valdes, 2002b) and soil texture (Tegen and Fung, 1994) to prescribe 
dust emission areas, others have proposed the notion of dust "hot spots", topographic 
low regions where fine grained sediments have accumulated and may be easily 
disturbed (Ginoux et al., 2001; Prospero et al., 2002; Tegen et al., 2002; Zender et al., 
2003). As a result, a number of erodibility functions have been developed to represent 
these preferential areas using a variety of factors such as topography changes (Ginoux 
et al., 2001), runoff areas (Zender et al., 2003), water routing and storage models 
(Tegen et al., 2002), or satellite-based measures of surface reflectivity (Grini et al., 
2005). A comparison of emission results using different erodibility factors over the 
Chinese sources have been shown to lead to very different estimates of dust emissions 
in the Taklamakan desert (Grini et al., 2005), emphasising the sensitivity of emissions 
to the erodibility assumptions.  
In this work, a simple approach was chosen for defining areas with the potential to 
emit dust particles, based on the annual mean of the fraction of vegetation and 
roughness length covering the land surface. These parameters were extracted from a 
global dataset of land surface parameters (Hagemann, 2002). The fraction of vegetation 
is that of the vegetation available for photosynthesis, and the surface roughness length 
is defined by vegetation and orography. A threshold value of 5% was chosen for both 
parameters prior to any simulation being carried out. These initial threshold values were 
chosen on the basis of visual comparisons with previously published maps of Chinese 
deserts. When either parameter exceeded this value, the corresponding grid cell was 
considered unable to emit dust.  
In addition to investigating the total modelled dust fluxes reaching the core 
location, the proportion of simulated dust from the different sources which were 
considered geochemically was also of interest. These were the Taklamakan desert and 
Qaidam basin of northwestern China, the Badain Jaran and Tengger deserts and the 
Chinese loess plateau of northern China and the Thar desert of northwestern India. Only 
emissions from these regions were considered in this work and the erodible surfaces 
were further divided according to their location. The resulting map of areas available 
for dust emissions is shown in Figure 8.1. Given the extent of the loess deposits in 
northern China, any grid cell contained between 76.5 and 110˚E and between 35 and 
51.5˚N not defined as one of the deserts mentioned above was considered as "loess". 
Within this parameterization, loess deposits also include erodible surfaces outside of the 
northwestern border of China (Fig. 8.1). 
Chapter 8 – Simulations of dust transport to Hongyuan using REMOTE 
 
247 
 
 
 
Fig. 8.1: Surface areas available for dust emissions prescribed in the model simulations (shown in 
brown). Only grid cells with a fraction of vegetation and roughness length below 0.05 are allowed to emit 
dust. The definition of the emission areas are based on the location of the dust source areas measured 
geochemically (outlined in black) and a different tracer number is assigned to dust emitted from each 
source. Loess emission areas are prescribed as any grid cell between 76.5 and 110˚E and 35 and 51.1˚N 
(dashed box) with a vegetation fraction and roughness length below the threshold value of 0.05. 
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8.2.3. Mineral dust emissions 
 
 Mineral dust emissions in arid and semi-arid areas are a complex, non-linear 
function of both soil surface properties (size distribution of the surface soils, roughness 
length of erodible and non erodible particles, soil moisture) and meteorological 
conditions (wind friction velocity, precipitation). Dust particles are mobilized when the 
wind friction velocity above the land surface exceeds a threshold value, dependent on 
the soil properties (Marticorena and Bergametti, 1995). A dust emission scheme was 
added to the existing model in order to simulate dust emissions from the sources of 
interest. Two approaches are generally considered for the parameterization of dust 
emissions. Bulk mobilization schemes (e.g. Tegen and Fung, 1994; Mahowald et al., 
1999) parameterize mobilization as a function of wind speed and subsequently impose a 
size distribution on the emitted dust. More complex mobilization schemes, developed 
from wind tunnel experiments, utilize the microphysical properties of the soil surface to 
predict a size resolved horizontal flux (saltation flux) and subsequent vertical flux 
resulting from sandblasting and breaking down of larger aggregates (Marticorena and 
Bergametti, 1995; Shao et al., 1996; Shao, 2001). Such models have been validated in 
specific regions, e.g. the Sahara (Marticorena et al., 1997) but have the disadvantage of 
a strong dependence on  a number of input parameters which are not often known for 
the specific area studied.  
The complex nature of dust emission regions in Asia and the lack of 
comprehensive ground surface properties measurements remain a major obstacle for the 
accurate parameterization of dust emissions using these schemes. Recent model studies 
have improved Asian dust emission schemes by integrating ground and altitude 
measurements of mineral dust properties (Gong et al., 2003; Zhang et al., 2003a, 2003b) 
or satellite derived observations (Laurent et al., 2005; Laurent et al., 2006). Here, a 
version of the microphysical scheme developed by Marticorena and Bergametti (1995) 
was computed into the model, where dust emissions are a function notably of the size 
distribution and smooth roughness length of the surface soil and of the wind friction 
velocity. Emissions are therefore dependent on both the source region and meteorology. 
For the sake of preliminary experiments using REMOTE, a series of first order 
assumptions were made concerning these parameters and similar properties were 
assigned to all sources. It is noted that, due to the lack of direct measurements of the 
Thar desert surface properties, the resulting decision was to apply similar parameters as 
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the Chinese dust sources. These estimates will provide a first order estimate of dust 
emissions, which can subsequently be refined in future work.  
 
8.2.3.1. Soil size distribution 
 
Clay-sized particles (<2-16 µm) are those which can be long-range transported and 
therefore correspond to the size fraction most likely to have been deposited in the 
Hongyuan peat bog. In this view, all provenance tracing work described in Chapters 4-7 
was carried out using the < 4 µm size fraction of the Asian dust source samples, or, if 
unavailable, using size-independent provenance tracers to determine the dominant 
sources of dust to the core.  
As described previously, Marticorena and Bergametti (1995) stated that dust 
emissions occur when wind speed exceeded a certain threshold value, which itself is a 
function of several factors including the size distribution of the surface soils. However, 
the function describing this threshold velocity does not vary linearly with particle size, 
and it was found that the optimum particle size for initial mobilization of dust particles 
at a desert surface is ~ 60-100 µm (Bagnold, 1941, Iversen and White, 1982), when 
threshold velocities are minimum (Marticorena and Bergametti, 1995). Below this 
value, threshold wind velocities are found to increase with decreasing particle size and 
the wind velocities needed to displace clay-sized particles are much higher than 
commonly observed above desert regions. The behaviour of these smaller particles is 
attributed to large inter-particle cohesion forces, which act to increase the force needed 
to generate their movement (Marticorena and Bergametti, 1995). The larger particles 
which are mobilized enter a horizontal movement called saltation. Particle collision and 
sandblasting within the saltation layer then release or form the clay-sized particles 
which enter a vertical flux and are eventually emitted and long-range transported. The 
dust emission function proposed by Marticorena and Bergametti (1995) and used in this 
study first calculates the horizontal flux caused by the movement of the sand-sized 
particles and then includes a transfer function to estimate the vertical flux of clay-sized 
particles, which becomes the final dust flux emitted from an erodible grid cell. 
In this view, the soil size distribution which must be inputted into the computation 
of the threshold friction velocity does not correspond to the clay-sized particles long-
range transported but rather to the surface distribution of the sand-sized particles at the 
deserts' surface. Gong et al. (2003) estimated the soil size distributions of Asian dust 
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sources based on a soil texture map of China, assigning a size distribution for each soil 
type. More recently, Laurent et al. (2006) based their distribution on results from fitting 
procedures on ground measurements of Chinese arid areas (Yang et al., 2001; Mei et 
al., 2004). In general, results show that clay sized particles (<2 µm) are rare in the 
source regions considered here, with higher proportions of silt (2-50 µm) and a majority 
of sand (50-2000 µm). Based on these results, a similar size distribution was assigned to 
all considered dust sources, with only two size classes of 10 µm and 100 µm 
representing 25% and 75% of the surface respectively. 
  
8.2.3.2. Smooth roughness length z0s 
 
The smooth roughness length as defined by Marticorena and Bergametti (1995) is 
the roughness induced by soil grains on a bare erodible surface, which is source 
dependent. Marticorena et al. (1997) suggested that z0s can be calculated as one thirtieth 
of the coarse diameter of the soil population. However, according to Marticorena and 
Bergametti (1995), the sensitivity of the results to the smooth roughness length over a 
range of one order of magnitude (z0s = 10
-4
 to 3.10
-3
 cm) can be represented by a unique 
value of 10
-3
 cm. This value has been used in previous model simulations over Asia 
(Gong et al., 2003). Given that the soil size distribution in the present study are assigned 
estimated values only, z0s is assigned a value of 10
-3
 cm as well. 
 
8.2.3.3. Wind friction velocity 
 
The wind friction velocity U*, or shear velocity, is computed from the model 
output wind velocity U in the surface layer: 
   
)/ln(
*
0 s
zz
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U 
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where k is the van Karman constant (k = 0.4), z is the height above the surface and z0s is 
the smooth roughness length of the surface. 
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8.2.3.4. Dust emission fluxes 
  
As mentioned previously, dust particles may only be mobilized when the calculated 
friction velocity exceeds a threshold value which depends on the soil surface 
characteristics. For a smooth surface, Marticorena and Bergametti (1995) defined the 
threshold friction velocity as a function of particle size dp, U*t1(dp), as: 
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The parameters ρp = 2.65 g cm
-3
 and ρa = 0.00123 g cm
-3
 are the density of soil dust and 
air respectively, g = 981 cm s
-2
 is the acceleration due to gravity and dp is the soil 
particle radius.  
The expression for the threshold friction velocity U*t(dp) defined by Marticorena 
and Bergametti (1995) is also corrected for the effects of non erodible elements: 
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where U*t1(dp) is the expression of the friction velocity as a function of particle radius 
alone, Zm is the roughness length of the surface (cm) and z0s that of the erodible 
elements. It is assumed that all prescribed surfaces are erodible as a first order estimate 
and Zm is set to z0s. U*t(dp) thus becomes equal to U*t1(dp). 
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When the threshold value U*t(dp) is exceeded by the wind friction velocity U*, 
particles of size dp enter a horizontal movement called saltation. This horizontal flux G 
is defined in their scheme as: 
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and E and Srel(dp) are the fraction of erodible to total surface and the relative proportion 
of the surface covered by particles of size dp respectively. It is assumed as a first order 
estimate that all areas prescribed in the model as dust sources are erodible and E is 
assigned a value of 1. 
Finally, the vertical flux F represents the flux of smaller particles escaping the 
saltation layer and mobilized into higher levels in the model atmosphere, and is 
proportional to the horizontal flux G by a factor α such that: 
   α = F / G = 10 (0.134(%clay))   (9) 
Laurent et al. (2006) calculated α for various deserts regions in northern China and 
found values of 1.85×10
-6
 and 2.23×10
-6
 for the Taklamakan and Tengger deserts 
respectively. Given that a similar size distributions was assigned to all potential sources 
in this study, an average value of 2.0×10
-6
  was chosen to represent the ratio of vertical 
to horizontal flux in the model. 
 
8.2.3.5. Effects of soil moisture and vegetation cover on dust emissions 
 
In the dust emission scheme presented by Marticorena and Bergametti (1995), the 
effects of soil moisture are also taken into account, increasing the threshold wind 
friction velocity when soil moisture increases. These effects have not been included in 
the present study on the basis that only desert areas are considered for emission. 
Laurent et al. (2006) studied the effects of neglecting soil moisture for the computation 
of dust emissions from the major Asian dust sources during the period 1996-2001. They 
found that during springtime, when most of the dust is emitted, fluxes are not 
significantly affected by soil moisture (4-7% between March and May). Winter 
emissions however can be reduced, with a modelled 50%  reduction in dust emissions 
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from the Taklamakan desert when soil moisture effects are integrated. Given that dust 
storms in spring account for most of the annual dust emission fluxes from the deserts of 
northern and northwestern China (Merrill et al., 1989; Gao et al., 2003) and that only 
long-term dust deposition at the peat core will be compared to model results, it is likely 
that winter emissions contributed only little to the averaged measured dust fluxes to the 
Hongyuan peatland. This hypothesis will be tested in following sections when studying 
the modelled seasonal dust input to the peat core location. 
The presence of vegetation and its density at the land surface can also affect the 
total dust emission fluxes (Marticorena et al., 1997; Wyatt and Nickling, 1997). Tegen 
et al. (2002) carried out a 12-year simulation of global dust emissions and studied the 
impacts of vegetation type and seasonal changes on dust emissions in different key 
regions of the globe. The authors found that the parameterization of vegetation 
phenology and seasonal cycle had a strong impact on Asian dust emissions, notably in 
capturing springtime emissions and in successfully reproducing the inter-annual 
variability of emission fluxes. Engelstaedter et al. (2003) used visibility records from 
meteorological stations to assess the impact of vegetation type on dust storm frequency. 
The authors found that dust storm frequency varied greatly both between vegetation 
type and within different vegetation types covering a given land surface. Both studies 
concluded on the importance of the correct parameterization of both vegetation types 
and the seasonal variability in their surface coverage. In the REMOTE simulations 
carried out here, the impacts of vegetation cover are only taken into account in defining 
the areas capable of emitting dust and represent an annual mean. Vegetation type or 
seasonal variability are not taken into account in the computation of dust emission 
fluxes. 
 
8.3. Model results and discussion 
 
8.3.1. Dust emissions 
 
Mineral dust emissions over the Asian dust source regions considered are estimated 
based on the previous equations and input data described in sections 8.2.2 and 8.2.3. 
The resulting dust emissions are discussed in terms of average fluxes over the years 
1996-1998, major emission sources, seasonal and inter-annual variability. Given that 
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the aim of this work is to compare averaged long-term fluxes to the peat core locality, 
model results are not compared with observed individual daily events for emission 
evaluation but rather with annual means. To the author's knowledge, no direct 
measurements of annual dust emissions from the sources considered here are available, 
so results are mainly compared with other studies from the literature. 
 
8.3.1.1. Average emission fluxes in 1996-1998 
 
The average modelled emission fluxes for the years 1996-1998 over the studied 
area are shown in Figure 8.2. The total flux from all deserts is 264 Mt y
-1
, of which 85 
Mt are emitted from the Thar desert and 179 Mt y
-1
 from the remaining sources in 
northern China and Kazakhstan (Figs. 8.3). Emission fluxes can exceed 500 g m
-2
 y
-1
 in 
certain regions of the Taklamakan desert, the Thar desert and the sandy lands beyond 
the northwestern border of China (Fig. 8.2). The results are in agreement with Laurent 
et al. (2006), who simulated 150 Mt y
-1
 from the Taklamakan desert, the deserts of 
northern China and other sandy lands and loess deposits in China and Mongolia during 
the same three years. The averaged emission flux simulated using REMOTE is also 
representative of longer term annual means simulated in previous work. The 1996-2001 
average flux estimated by Laurent et al. (2006) for the same sources is 178 Mt y
-1
, while 
Zhang et al. (2003a) modelled a 43-yr average emission flux of 169 Mt y
-1
 between 
1960-2002. The latter estimate, however, also comprises emissions from the Gobi 
desert of Mongolia, which are found to contribute significantly to the total Asian dust 
emissions (29% ± 10%, n = 43). Removing the effect of the Gobi desert in order to 
compare modelled fluxes to those obtained using REMOTE leaves an average annual 
emission flux of 104 - 137 Mt y
-1
. In their simulation of Asian dust emissions from the 
Taklamakan and Gobi deserts as well as the Chinese loess plateau, Lee et al. (2006) 
found that mean emissions are generally lower than 950 g m
-2
 y
-1
 in these source areas, 
in agreement with the results observed here (Fig. 8.2). Overall, the annual averaged 
emission fluxes of the Chinese sources simulated using a basic dust emission 
parameterization and simplified soil properties as input data are of the same order as 
those from other published work. 
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Fig. 8.2: Simulated dust emission flux (g m
-2
 y
-1
) from the dust sources prescribed averaged over the 
period 1996-1998. 
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8.3.1.2. Major sources of dust emissions 
 
Emissions from the Taklamakan desert account for 63% (113 Mt) of the total 
simulated non-Indian dust emissions (179 Mt), with the deserts of northern China 
(Badain Jaran and Tengger deserts) accounting for less than 2% (3 Mt), the Qaidam 
basin for 4% (7 Mt) and the remaining loess and sandy lands 31% (56 Mt) of this total 
(Fig. 8.3, Table 8.1). Emissions from the Thar desert are important, with a modelled 
annual average of 85 Mt, accounting for 32% of the total emissions over the study area. 
During the same period, Laurent et al. (2006) found that emissions from the 
Taklamakan desert averaged 81 Mt, making up 57% of the emissions from northern and 
northwestern China (Table 8.1). The proportion of dust emitted from the Taklamakan 
desert simulated with REMOTE is in agreement with these results but the total 
emissions from this source are larger in this study. The model simulations carried out in 
this thesis also produced lower emissions from the Badain Jaran and Tengger deserts (3 
Mt) and higher emissions from other loess and sandy deposits (56 Mt) than Laurent et 
al. (2006) (63 Mt and 6 Mt for the same sources respectively). This suggests that a 
simplified definition of soil erodibility and surface properties such as that used in the 
present study could be appropriate to study overall Asian dust emissions but resulting 
fluxes from individual deserts show some discrepancies with previously published 
work.  
Only few studies have estimated dust emissions from the Thar desert. Recently, 
emissions from this source during the year 2000 were estimated based on Total Ozone 
Mapping Spectrometer aerosol index (TOMS-ai) measurements (Habib et al., 2006). 
The authors proposed that 15 Mt dust were emitted from northwestern India during that 
year. These results suggest that, in its current setup, REMOTE may over-estimate dust 
emissions from this region, with an average of 85 Mt y
-1
 simulated between 1996-1998.  
The uncertainties in estimating emissions from individual dust sources may have 
different origins within the dust emission scheme implemented in REMOTE. For 
instance, the definition of erodible surfaces (Fig. 8.1) covers only small areas of the 
Badain Jaran and Tengger deserts, thus limiting greatly the number of grid cells 
available to emit dust within these deserts. This may be one source of error in the 
underestimation of emissions from these sources. Also, the dust emission scheme used 
in this work does not take into account the effect of non-erodible elements (equation 6), 
which, if present, would act to increase the threshold velocity needed to induce the  
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Fig. 8.3: Simulated annual dust emission flux from the individual dust sources averaged over the period 
1996-1998 (Mt y
-1
) as well as total emission fluxes from the Chinese deserts and loess areas and total 
fluxes over the entire area. Percentages in the left box are relative to the total Chinese and loess 
emissions and the percentage in the right box is relative to the total emissions. TK: Taklamakan Desert; 
QD: Qaidam basin; BJ: Badain Jaran Desert; TG: Tengger Desert. 
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Table 8.1. Annual simulated dust emissions from 1996 to 1998 from the Taklamakan desert (TK), the 
deserts of northern China (ND, Badain Jaran and Tengger deserts) and the loess deposits ("Loess") using 
REMOTE. Results are compared to recent simulations by Laurent et al. (2006). 
 REMOTE simulations (this work) Laurent et al. (2006) 
 TK ND "Loess" TK ND Other 
1996 113 4 59 94 72 12 
1997 114 2 54 68 19 4 
1998 114 3 56 80 99 3 
Mean 113 3 56 81 63 6 
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saltation flux, and thus reduce the number of dust emission events in less erodible areas 
within each desert. Neglecting this term in the Taklamakan and Thar deserts may 
induce an erodible area larger than reality.  
 
8.3.1.3. Seasonal cycle of dust emissions 
 
 Chinese emissions (including emissions from the regions beyond the northwestern 
border) show a peak in spring and early summer (April-June), in agreement with 
observation (Sun et al., 2001; Gao et al., 2003) and simulation (Laurent et al., 2006) 
results (Fig. 8.4A). A second peak is observed in August, with total emissions 
exceeding the maximum observed in spring. The Taklamakan desert accounts for most 
of this flux. A second peak in dust emissions from the Taklamakan desert in August and 
September was also simulated by Laurent et al. (2006) though emissions during these 
months were half those simulated in April and May. In its current setup, it seems that 
REMOTE largely overestimates August dust emission fluxes. 
It seems that the higher annual dust emissions from the Taklamakan desert and 
loess compared to previous studies mentioned previously (Table 8.1) may partly be the 
result of an overestimation of August emission fluxes. This overestimation may be 
caused by the exclusion of a soil moisture function in the present computation of the 
emission threshold velocity. Indeed, high precipitation rates during the East Asian 
summer monsoon season, particularly in August, may lead to increased soil moisture in 
northern China and hence to an increase in the threshold velocity needed for the 
emission of dust. Neglecting this term may lead to lower threshold velocities. 
Simulated emissions from the Thar desert show a maximum between June and 
August (Fig. 8.4B), with 78% of the average annual emissions occurring during these 
months. Though total fluxes are higher than observation (Habib et al., 2006), the 
seasonal variability seems to be reasonably modelled by REMOTE, with Habib et al. 
(2006) also observing 71% of the annual emission flux during the months of June to 
September.  
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Fig. 8.4: Monthly simulated emissions averaged over the period 1996-1998 (Mt) for (A) the 
Chinese deserts and loess deposits; and (B) the Thar desert. Emissions from the Chinese deserts 
and various loess deposits show an expected maximum in spring and a maximum in August. 
Emissions from the Thar desert show an expected maximum in summer. 
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8.3.1.4. Inter-annual variability 
 
The average total dust emission flux for the Asian dust sources for the years 1996-
1998 is 264 Mt y
-1
. Annual dust emissions vary only from 258 Mt in 1996 to 269 Mt in 
1998, underlining a low inter-annual variability. 
In China, the Taklamakan desert is simulated as the most steady dust source (Fig. 
8.5), while emissions from the Qaidam basin and remaining loess and sandy deposits 
are slightly lower in 1997 than the other two years. Most of the inter-annual variability 
arises from the Thar desert emissions, with lower dust emissions in 1996. 
These results are different to the inter-annual variability modelled by Laurent et al. 
(2006) for the same three years (Table 8.1). They found that total emissions from 
northern China (not including the Gobi desert) were 178 Mt in 1996, 91 Mt in 1997 and 
182 Mt in 1998. Most of this variability, however, was due to substantially lower dust 
emissions from the deserts of northern China in 1997, while emissions from the 
Taklamakan desert were relatively steady throughout the three years, as was found in 
the model results presented here.  
The discrepancy in the inter-annual variability between the present results and 
those of Laurent et al. (2006) could arise from several sources of uncertainty in the 
model parameterizations, three of which are proposed here. First, the definition of 
desert grid cells based on the roughness length and fraction of vegetation used in this 
work underestimates the surface area available for dust emissions in the deserts of 
northern China. This leads to substantially lower annual fluxes from the Badain Jaran 
and Tengger deserts as was discussed previously. Given that these deserts contribute 
most to the inter-annual variability in the results from Laurent et al. (2006) (Table 8.1), 
this underestimation may be one cause of the low inter-annual variability modelled with 
REMOTE. Second, seasonal changes in vegetation cover or vegetation type are not 
taken into account and can have a strong impact on the seasonality of dust emissions 
(Tegen et al., 2002; Engelstaedter et al., 2003) Third, the simulations carried out with 
REMOTE were carried out in the Climate mode, with ECMWF-analysis data only 
continuously updated at the lateral boundaries. Within the model domain, the model is 
free to respond to variations in internal parameters. As mentioned previously, Cui et al. 
(2008) found that running REMOTE in the Forecast mode better represented the inter- 
annual variability of total precipitation over the model domain but restricted its ability 
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Fig. 8.5: Inter-annual variability of the simulated dust emissions for the years 1996-1998 (Mt). 
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to simulate meso-scale phenomena. Applying the model in Climate mode such as was 
performed in this study means that extreme events may not be represented, which, 
given the sensitivity of dust emissions to changes in wind speed, may affect the inter-
annual variability of dust emissions. Laurent et al. (2006) suggested that the inter-
annual variability in dust emission fluxes over their model domain was mainly caused 
by occasional extreme changes in wind velocities over the dust emission areas. Given 
that they used ECMWF-reanalysis data to update the model at every grid cell and every 
time step, such extreme events could be resolved. On the contrary, running REMOTE  
in climate mode may limit the number of these events, thus inhibiting large inter-annual 
variability. 
 
8.3.2. Modelled deposition fluxes to the peat core grid cell and comparison to 
observed dust fluxes 
 
8.3.2.1. Average deposition fluxes in 1996-1998 
 
The average annual deposition fluxes over the study area modelled by REMOTE 
are shown in Figure 8.6. As expected, maximum dust deposition (> 50 g m
-2
 y
-1
) occurs 
above the emission regions, where the atmospheric dust load is highest (Fig. 8.6). 
Deposition fluxes are also high immediately downwind from the source regions (e.g. 
east of the Taklamakan desert along the path of the westerlies, or north of the Thar 
desert, along the pathway of the Indian summer monsoon), with annual fluxes between 
20 and 50 g m
-2
 y
-1
. Dust fluxes rapidly fall below 10 g m
-2
 y
-1
 further afield from the 
source regions and most of central and eastern China is characterized by fluxes of 1 to 5 
g m
-2
 y
-1
, while modelled fluxes over most of the Tibetan Plateau fall between 5 and 10 
g m
-2
 y
-1
. Over the Pacific Ocean, REMOTE simulated dust fluxes above the 
northwestern equatorial Pacific of 1 to 3 g m
-2
 y
-1
, along the pathways of the Westerly 
jet, while the middle and southern Pacific Ocean is characterized by fluxes lower than 1 
g m
-2
 y
-1
. Recently, Lawrence et al. (2009) compiled a comprehensive dataset of 
observation data of dust deposition fluxes worldwide. The authors found that, in 
general, dust deposition fluxes could be divided into three classes according to their 
distance from the dust source regions: local fluxes (< 10 km) generally exceeded 50 g 
m
-2
 y
-1
, regional fluxes (10-1000 km) were comprised between 1 and 50 g m
-2
 y
-1
 and 
long-range fluxes (> 1000 km) varied between 0.05 and 1 g m
-2
 y
-1
. The spatial distribu- 
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Fig. 8.6: Modelled total dust deposition fluxes over the model domain averaged over the years 1996-1998 
(g m
-2
 y
-1
). The location and observed deposition fluxes at Hongyuan and at different marine and 
terrestrial archives from the DIRTMAP database used by Mahowald et al. (1999) are shown over the 
model resuls.  
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Fig. 8.7: Comparison between the modelled dust deposition fluxes from the different dust sources at the 
location of the Hongyuan peat core averaged over the years 1996-1998 to the average fluxes measured in 
the core (g m
-2
 y
-1
). 
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tion of dust deposition fluxes simulated with REMOTE agrees relatively well with this 
general scheme, with fluxes within the dust source areas (local fluxes) exceeding 50 g 
m
-2
 y
-1
, regional deposition fluxes (e.g. on the eastern Tibetan Plateau or in north-
central China) varying between 1 and 50 g m
-2
 y
-1
 depending on their proximity from 
the source regions, and fluxes to long-range regions such as the Pacific Ocean or Indian 
Ocean rarely exceeding values of 1 g m
-2
 y
-1
 (Fig. 8.6). 
The average non-local dust flux to the peat core based on the geochemical 
composition of the non-local sources and the total amount of dust recovered from the 
peat samples (excluding the mineral-rich layer) was 6.1 g m
-2
 y
-1
, while the average dust 
deposition flux at the grid cell containing the Hongyuan peat core simulated using 
REMOTE is 9.4 g m
-2
 y
-1
, close to the mean observed value (Figs. 8.6, 8.7). Dust 
deposition fields vary over the model domain as described previously (Fig. 8.6) and the 
modelled fluxes to the location of the peat core provide a reasonable fit to the observed 
data. However, it was noted in the previous section that, though total emissions agreed 
with with other modelled estimates, both emissions from individual deserts and inter-
annual variability showed some discrepancies. In the following sections, the dust 
deposition fluxes are explored in terms of these considerations. 
 
8.3.2.2. Major sources of dust deposition 
 
Dust from the Taklamakan desert contributes to 49% of the modelled fluxes to the 
grid cell, with an average value over the three years of 4.65 g m
-2
 y
-1
 (Fig. 8.7) Most of 
the remaining dust originates from the loess deposits (19%) and the Thar desert (18%).  
Results from the Taklamakan desert show a relatively good agreement with the 
fluxes measured in HYLK-1, which have a mean value of 2.55 g m
-2
 y
-1
, or 42% of the 
non-local dust recovered from the core. The main difference between the modelled and 
observed dust deposition lie in the dust input from the Thar desert. Whereas there are no 
observed dust fluxes from this source in the core, the simulation results suggest that 
approximately 18% of the total deposited dust originates from this source, or an average 
of 1.67 g m
-2
 y
-1
. 
This discrepancy may be due to several factors. First, the 3-yr average dust 
emissions from the Thar desert modelled with REMOTE were higher than observed 
emission fluxes in 2000 (Habib et al., 2006). Though not from the same year, these data 
still provide a first order comparison to the modelled fluxes. The modelled input from 
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the Thar desert to the peat core grid cell may therefore partly result from an 
overestimation of the emission fluxes from this source.  
Another possible source of error may arise from the modelled wind strength. Cui 
(2005) studied large scale circulation patterns over East Asia with REMOTE in the 
summer of 1998. The simulations were run in "Forecast" mode with updates every 30h 
at the lateral boundaries and with a smaller model domain extending from 60.5-132.5˚E 
and 5.5-55.5˚N. The author found that the modelled wind vector magnitudes were much 
larger in the southwest corner of the model domain than in the validation dataset 
(Global energy and water cycle experiment Asian Monsoon Experiment (GAME) 
reanalysis dataset), notably in northwestern India and southeastern Tibetan Plateau. 
Such stronger winds may lead to both higher emissions over the Thar desert as well as 
further transport of emitted dust particles around the southeastern edge of the Tibetan 
plateau and towards the eastern plateau. As was noted previously, applying REMOTE 
in the climate mode should restrict the simulation of extreme events and may tone down 
this effect, but high wind vector magnitudes causing higher than observed dust 
emissions may lead to more dust deposited to the eastern Tibetan plateau. 
 
8.3.2.3. Inter-annual variability of the modelled dust deposition 
 
The 3-yr average modelled flux agrees relatively well with the long-term average 
fluxes measured in the peat core (Figs. 8.6, 8.7). However, it is noted that the observed 
fluxes show a relatively large range of values throughout the Holocene, from 0.7 to 28.5 
g m
-2
 y
-1
. In this view, it is of interest to determine whether the inter-annual variability 
of modelled fluxes can partially explain this range of values.  
The total modelled dust fluxes deposited to the peat core grid cell were higher in 
1998 (12.58 g m
-2
 y
-1
) than in 1996 and 1997 (7.80 and 7.83 g m
-2
 y
-1
 respectively) (Fig. 
8.8). The simulation results suggest that more dust is deposited in the wet year (1998), 
but the simulated inter-annual variability (7.80-12.58 g m
-2
 y
-1
) does not cover the entire 
range of non-local dust fluxes observed in the core (0.7 to 28.5 g m
-2
 y
-1
). The 
distribution of deposition fluxes is partly representative of fluxes from the Taklamakan 
desert, highest in 1998 (6.21 g m
-2
 y
-1
 vs. 3.56 and 4.18 g m
-2
 y
-1
 in 1996 and 1997 
respectively). Dust deposition from the loess deposits do not show any inter-annual 
variability, with approximately 1.7 g m
-2
 y
-1
 dust deposited from these sources in all  
Chapter 8 – Simulations of dust transport to Hongyuan using REMOTE 
 
268 
 
 
  
0.0
2.0
4.0
6.0
8.0
10.0
12.0
14.0
TK QD BJ TG "Loess" Thar Total
D
e
p
o
si
ti
o
n
 (g
 m
-2
y-
1
)
1996
1997
1998
Fig. 8.8: Inter-annual variability of the modelled dust deposition fluxes at the location of the 
Hongyuan peat core for the years 1996-1998 (g m
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three years. The inter-annual variability of dust input from the Thar desert is different, 
with pronounced lower fluxes in 1997 (0.69 g m
-2
 y
-1
) than 1996 and 1998 (1.83 and 
2.48 g m
-2
 y
-1
 respectively). These differences must be due to the differences in 
meteorological conditions rather than total dust emissions as the inter-annual variability 
of the emission fluxes from both the Taklamakan and Thar deserts showed higher 
emission fluxes in 1997 than the other years.  
The three years 1996-1998 over which Asian dust emissions were modelled with 
REMOTE were chosen as they represent a normal, a dry and a wet year respectively 
(Cui 2005). The purpose of modelling emissions during those three years was to 
compare resulting fluxes to relevant sections of the peat core, where geochemical data 
showed that conditions at the time were wetter or dryer than normal (Large et al., 2009), 
to determine whether changes in regional environmental conditions can be correlated to 
changes in dust fluxes.  
To further the comparison analysis, certain sections of the peat core were selected 
which were reported to represent periods of wetter or dryer surface conditions at the 
time when the plants were living at the surface of the bog, based on carbon density and 
δ13C measurements (Large et al., 2009). The period between 6.6 and 5.5 kyr BP was 
chosen to represent dust deposition under wet conditions, and the period between 2.0 
and 1.4 BP for that under dry conditions based on the measurements provided by Large 
et al. (2009). Dust fluxes measured in the core during the wet period range between 
2.51 and 8.72 g m
-2
 y
-1
, with an average of 4.47 g m
-2
 y
-1
 (n = 10). These values are 
higher than fluxes recorded during the dry period, which range between 1.11-3.56 g m
-2
 
y
-1
 (n = 3), with one additional peat sample displaying higher fluxes of 7.76  g m
-2
 y
-1
. 
Comparing these two periods, fluxes deposited under the wetter conditions are slightly 
higher than those deposited under the dryer conditions. The results produced with 
REMOTE are thus in agreement with the idea that wetter conditions may lead to higher 
removal of dust from the atmosphere and slightly elevated dust deposition fluxes. 
However, the more extreme dust fluxes measured in the peat core do not 
correspond to these intervals of wetter or dryer conditions. For example, the highest 
fluxes measured are found in samples dated 2.9 to 2.8 kyr BP, where non-local fluxes 
exceed 27 g m
-2
 y
-1
. Such high fluxes may reflect enhanced changes in atmospheric 
circulation patterns, for example an increase in the winter monsoon strength (Chapters 
5, 6, 7). It is likely that a simulation period of three years only may not represent the 
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entire inter-annual variability of the monsoon system, as was pointed out by Cui (2005), 
and thus the more extreme scenarios are not resolved.  
 
8.3.3. Evaluation of the model results against other archives of dust deposition 
 
Dust deposition fluxes modelled with REMOTE are compared to available modern 
dust fluxes to marine sediments and sediment dust traps within the model domain. 
Results from the Dust Indicators and Records of Terrestrial and Marine 
Palaeoenvironments (DIRTMAP) database coordinated by Karen Kohfeld (Mahowald 
et al., 1999; Kohfeld and Harrison, 2001) are used (Table 8.2). For each location, dust 
deposition was extracted at the relevant grid point and compared to the database (Fig. 
8.6).  
Figure 8.9 shows the mean value of the dust deposition fluxes at Hongyuan and 
different archives from the DIRTMAP database. The scatterplot suggets that the dust 
deposition fluxes to most of the archives are not captured by the model, which 
underestimates fluxes to all sites in the western Indian Ocean. Simulated fluxes to these 
archives are lower than 2 g m
-2
 y
-1
 while observed fluxes are greater than 5 g m
-2
 y
-1
 and 
often exceed 10-20 g m
-2
 y
-1
 (Fig. 8.6, Table 8.2). The database used included only 
three archives in the Pacific Ocean, for which the model seems to provide a better fit 
(Figs. 8.6, 8.9). The Westerly jet is the dominant transport pathway of mineral dust 
transport to eastern Asia and beyond (e.g. Lee et al., 2010), with an estimated 50% of 
mineral dust particles emitted from the deserts of northern and northwestern China 
settling in the Pacific ocean (Zhang et al., 1997). The relatively good agreement 
between simulated and observed values at these three sites suggests that applying the 
model in its current setup may be appropriate to carry out preliminary studies of dust 
transport to different regions of eastern Asia. The poor agreement between simulated 
and observed fluxes in the Indian Ocean may partly result from emissions from the 
Arabian peninsula not being taken into account. 
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Table 8.2. Aeolian fluxes to marine sediments and sediments traps compiled as part of the DIRTMAP 
database (Coordinator: K. Kohfeld) 
Site Longitude (˚E) Latitude (˚N) "Modern" Flux 
(g m
-2
 y
-1
) 
Reference 
RC27-61 59.9 16.6 4.8 Clemens and Prell (1990) 
ODP 722B 59.8 16.6 12.9 Clemens and Prell (1991) 
V28-294 140.0 28.4 0.6 Rea and Leinen (1988) 
76125 75.3 8.6 20.5 Sirocko et al. (1991) 
76127 73.9 12.1 17.9 Sirocko et al. (1991) 
76128 73.3 13.1 63.1 Sirocko et al. (1991) 
76135 50.5 14.4 74.0 Sirocko et al. (1991) 
77191 76.7 7.5 141.6 Sirocko et al. (1991) 
77194 75.2 10.5 116.0 Sirocko et al. (1991) 
77200 67.9 16.5 15.8 Sirocko et al. (1991) 
77202 60.7 19.2 45.7 Sirocko et al. (1991) 
77203 59.6 20.7 121.8 Sirocko et al. (1991) 
114KK 51.2 8.0 14.2 Sirocko et al. (1991) 
11KL 60.2 5.4 6.5 Sirocko et al. (1991) 
181SK 71.1 7.5 20.3 Sirocko et al. (1991) 
182SK 73.7 8.8 8.4 Sirocko et al. (1991) 
18KL 67.3 1.9 2.7 Sirocko et al. (1991) 
232SK 64.6 21.8 33.6 Sirocko et al. (1991) 
36KL 69.0 17.1 5.5 Sirocko et al. (1991) 
43GB 69.0 17.9 8.7 Sirocko et al. (1991) 
51KL 65.6 21.0 20.0 Sirocko et al. (1991) 
57KL 63.1 20.9 23.1 Sirocko et al. (1991) 
71KL 60.3 16.2 16.9 Sirocko et al. (1991) 
74KL 57.4 14.3 24.4 Sirocko et al. (1991) 
82KL 58.7 12.7 18.6 Sirocko et al. (1991) 
87KL 57.7 10.5 11.4 Sirocko et al. (1991) 
IOE 105KK 53.5 11.3 10.5 Sirocko et al. (1991) 
Meteor 5 422-6 59.0 24.4 118.6 Sirocko et al. (1991) 
ORGON 4 KS8 59.2 23.5 133.1 Sirocko et al. (1991) 
OSIRIS 76123 78.7 6.4 14.6 Sirocko et al. (1991) 
SO 28 5KL 61.1 6.7 3.4 Sirocko et al. (1991) 
SO 42 15KL 64.8 14.9 7.9 Sirocko et al. (1991) 
WP-3 145.4 40 7.3 Saito et al. (1992) 
JS 138.7 40.8 4.9 Saito et al. (1992) 
SB-1 137.1 31.5 21.4 Saito et al. (1992) 
East 68.8 15.5 7.4 Haake et al. (1993) 
Cast 64.8 14.5 4.3 Haake et al. (1993) 
Wast 60.5 16.2 6.1 Haake et al. (1993) 
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Fig. 8.9: Scatterplot showing the logarithm of the mean observed and mean modelled total dust 
deposition rates (g m
-2
 y
-1
) for the Hongyuan peat core and for different marine and terrestrial archives 
from the DIRTMAP database used by Mahowald et al. (1999). Error bars represent the difference 
between the maximum and minimum annual fluxes during 1996-1998. 
 
 
 
  
Chapter 8 – Simulations of dust transport to Hongyuan using REMOTE 
 
273 
 
8.3.4. Sensitivity studies: Changing the thresholds for erodible surfaces 
 
The sensitivity of dust emissions and deposition at the Hongyuan grid cell to the 
parameterization of erodible surfaces was tested. All previous work was undertaken 
using a threshold of 5% for both the fraction of vegetation and the roughness length of 
the surface. Simulations were also run where these thresholds were in turn increased to 
10%. 
 
8.3.4.1. Sensitivity of dust emissions 
 
Changing the fraction of vegetation threshold from 5 to 10% (Fig.8.10B) increases 
the areas available for emission in the Taklamakan desert, the Tengger desert and 
various regions of northern China. A notable increase in the surface area around the 
Thar desert is also observed. Increasing the threshold from 5 to 10% for the roughness 
length (Fig. 8.10C) also increases the erodible surfaces around the Taklamakan, Badain 
Jaran and Tengger deserts as well as the amount of erodible loess surfaces. The erodible 
surfaces in the Qaidam basin are also expanded. 
Figure 8.11 compares the emission fluxes from the different sources in January (A), 
April (B) and July (C) 1996 with thresholds of 5% for the roughness length and 
vegetation fraction (V05-R05), 10% for the vegetation fraction (V10-R05) and 10% for 
the roughness length (V05-R10). It can be seen that emissions from the Taklamakan 
desert and Qaidam basin are relatively unaffected by the choice of threshold during 
these months, even though the erodible area occupied by this source was increased 
when both thresholds were raised. This suggests that wind strength is more important 
than surface properties in emitting dust from this source in the current setup.  
On the contrary, emissions from the Badain Jaran and Tengger deserts are sensitive 
to the vegetation threshold, with a 4- to 5-fold increase in April emissions when this 
threshold is raised to 10%, accompanying an increase in the available surface area (Fig. 
8.10B). This brings emissions from these sources closer to other model estimates 
(Zhang et al., 2003a; Laurent et al., 2006). Increasing these thresholds also affects the 
dust emissions from the loess and deposits of northern China, increasing April 
emissions from 4.3 to 5.7 Mt when either is raised to 10%. 
Increasing the vegetation fraction threshold from 5 to 10% has a strong impact  on 
dust emissions from the Thar desert (Fig. 8.11). V10-R05 emissions from the Thar  
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Fig. 8.10: Effect of varying the threshold values for the fraction of vegetation and roughness length on 
the total surface areas available for dust emissions: (A) Threshold of 5% for the fraction of vegetation and 
roughness length (control setup); (B) Threshold of 10% for the fraction of vegetation and 5% for the 
roughness length; and (C) Threshold of 5% for the fraction of vegetation and 10% for the roughness 
length.  
Chapter 8 – Simulations of dust transport to Hongyuan using REMOTE 
 
275 
 
  
0.0
4.0
8.0
12.0
16.0
20.0
24.0
28.0
TK QD BJ TG "Loess" TH
Em
is
si
o
n
s 
(M
t)
C. July
V05-R05
V10-R05
V05-R10
0.0
2.0
4.0
6.0
8.0
10.0
TK QD BJ TG "Loess" TH
Em
is
si
o
n
s 
(M
t)
B. April
V05-R05
V10-R05
V05-R10
0.0
2.0
4.0
6.0
8.0
10.0
TK QD BJ TG "Loess" TH
Em
is
si
o
n
s 
(M
t)
A. January
V05-R05
V10-R05
V05-R10
Fig. 8.11: Effect of varying the threshold values for the fraction of vegetation and 
roughness length on simulated dust emissions from the different sources considered in 
(A) January 1996; (B) April 1996; and (C) July 1996. 
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desert increase from 3.2 to 5.5 Mt in April, and from 15 to 26 Mt in July. This suggests 
that dust emissions from this region are particularly sensitive to the choice of erodible 
surface when only a simple dust emission function is used such as here.  
The results presented here hint that, if source specific surface properties are not 
included in the computation of the threshold velocity, the definition of the surfaces 
available for erosion must be carefully computed. For example, using a vegetation 
fraction threshold of 10% improves the estimate of dust emissions from the Badain 
Jaran and Tengger deserts of northern China, but such a threshold leads to 
unrealistically high emissions from the Thar desert. 
 
8.3.4.2. Sensitivity of dust deposition 
 
Finally, the sensitivity of dust deposition fluxes at the Hongyuan grid cell to 
variations in the erodibility thresholds was investigated. Only fluxes originating from 
the Chinese sources were considered as it was shown that changing the thresholds for 
the Thar desert led to unrealistic emissions.  
Figure 8.12 shows the monthly deposition flux of dust to the peat core grid cell for 
April 1996 as a function of the erodibility threshold. As expected from the small 
changes in Figure 8.11B, deposition fluxes from the Taklamakan desert are unaffected 
by changes in the erodibility thresholds (Fig. 8.12). Similarly, inputs from the loess 
deposits are relatively unaffected by the choice of threshold function, despite emissions 
being increased by approximately 20% (Fig. 8.11B). Input from the Qaidam basin, 
Badain Jaran and Tengger deserts show an increase when the vegetation fraction is 
increased to 10%. This is likely a result of increased emissions when this threshold is 
applied (Figs. 8.11A, 8.11B). It is noted that deposition fluxes seem to be most sensitive 
to the total erodible surface area for the sources that are closest to the core, such as the 
Qaidam basin and Tengger deserts, whereas fluxes from sources further afield such as 
the Taklamakan desert or the loess deposits are less sensitive to such factors. 
 
8.4. Summary and outlook 
 
The lack of terrestrial validation datasets of dust deposition rates in Asia remains 
an important limitation for the complete validation of numerical model simulations of  
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Fig. 8.12: Effect of varying the threshold values for the fraction of vegetation and 
roughness length on simulated dust deposition fluxes to the Hongyuan peat core location 
from the different sources considered in April 1996. 
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dust fluxes in this region. A number of necessary assumptions and simplifications must 
be made in model set-ups, not least those regarding the parameterization of dust 
emissions. Comparisons with terrestrial datasets is crucial if models are to provide a 
useful platform for future predictions and policy decisions. In the present study, an 
ombrotrophic peat record of dust deposition from the eastern Tibetan plateau was used 
to provide a unique dataset of long-term terrestrial dust fluxes against which numerical 
model simulations were compared.  
The regional scale atmosphere-chemistry/aerosol model REMOTE (Langmann, 
2000) was applied in "Climate" mode over central Asia during the years 1996-1998 to 
simulate the emission and transport of dust aerosols to the location of the peat core. 
This work aimed to provide a first-order estimate of the ability of REMOTE to 
reproduce dust deposition fluxes at the peat core location. A number of simplifications 
were applied to the dust emission scheme, with the aim to refine the model in future 
work.  
A dust emission scheme was implemented in REMOTE to simulate dust emission 
fluxes as a function of surface wind friction velocity. Basic assumptions were made 
regarding the definition of erodible surfaces as well as the soil properties of all 
considered Asian dust sources: All sources were assigned a size distribution with only 
two particle bins of 10 µm and 100 µm, representing 25% and 75% of each surface 
respectively, and the parameters for dust emissions were only computed for grid cells 
with an annual vegetation fraction and roughness length of 5% or less. The effects of 
non-erodible surfaces and annual changes in soil moisture were not taken into account.  
In this setup, REMOTE was found to reasonably reproduce total Chinese emission 
fluxes (compared to recent model study estimates) as well as the spatial distribution of 
dust deposition fluxes and average dust deposition rates measured in the Hongyuan peat 
core and obtained from dust traps in the Pacific ocean. The average annual emission 
fluxes from the Chinese dust sources modelled with REMOTE (179 Mt y
-1
) are of the 
same order of magnitude as other recent numerical model estimates for the same years, 
as well as longer term averages modelled between 1960-2002 (Zhang et al., 2003a; 
Laurent et al., 2006). The lack of direct measurements of emission fluxes in the source 
areas makes validation difficult but the absence of processes such as soil moisture and 
seasonal changes in vegetation cover most likely affects the accuracy of the simulated 
monthly, annual and inter-annual variability of emission fluxes. The model produces 
reasonable dust deposition fluxes over the model domain and seems to capture the 
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general pattern of local, regional and long-range fluxes. Simulated dust deposition 
fluxes at the peat core grid cell over the years 1996-1998 (9.4 g m
-2
 y
-1
) are also in 
reasonable agreement with the average Holocene fluxes measured in the peat core (6.1 
g m
-2
 y
-1
). While these preliminary results are encouraging and suggest that the model 
could provide first order information on the distribution of dust deposition fluxes in 
Asia, further refinements should be added to the parameterization of dust emissions if 
the interactions between the regional dust burden and environmental change are to be 
investigated. 
For future investigations of the Asian dust cycle in Asia using REMOTE, several 
conclusions were found from this study: 
 
1)  Though total modelled Chinese emissions are of the same order as previous 
estimates, dust emissions from individual sources show some discrepancies with 
other model studies, providing useful pointers to which aspects of the dust 
emission parameterizations need to be further improved. For example, emissions 
from the Taklamakan desert and loess deposits are slightly overestimated with 
the emission scheme used in this thesis, possibly a result of higher than expected 
dust emissions in August. The absence of soil moisture effects in the dust 
emission parameterization are a likely factor contributing to these 
overestimations. Emissions from the Thar desert in northwestern India are also 
strongly overestimated with the simple dust emission scheme presented here, 
with over 5 times more dust emitted in the present simulation (85 Mt y
-1
) than 
was estimated based on TOMS-ai measurements in the year 2000 (Habib et al., 
2006). The results outlined here suggest that the basic assumptions concerning 
the soil surface properties of Asian dust sources used here may appropriate for 
Chinese sources but not for the Thar desert. Dust emissions from this source are 
the most strongly overestimated given similar surface properties and more 
observation data is needed. 
2) Emissions from the Badain Jaran and Tengger deserts of northern China are on 
the contrary strongly underestimated in the present simulations. Sensitivity 
studies have showed that this is likely due to the thresholds imposed on the 
definition of erodible surfaces, which led to dust emissions being computed over 
a small portion of these deserts only. This suggests that the surfaces available for 
erosion are a function of more than simply the annual mean of the fraction of 
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vegetation and roughness length of the land surface and are dependent on the 
individual source location considered. 
3) The inter-annual variability of dust emissions is small compared to previous 
model studies carried out over the same years (1996-1998). This could be due to 
several factors, including the absence of seasonal vegetation cover changes in 
the model parameterizations or the fact that REMOTE was run in "Climate" 
mode, thus hampering the ability of the model to capture short-lived extreme 
events. 
4) The inter-annual variability of modelled deposition rates (7.80-12.58 g m
-2
 y
-1
) 
does not cover the entire range of Holocene fluxes (0.7-28.5 g m
-2
 y
-1
), 
suggesting that a simulation integration time of three years does not fully reveal 
the possible model interannual performance as well as the possible different 
environmental conditions which affected certain periods of the Holocene. One 
of the underlying assumptions behind the comparison of the model results to the 
dust flux and provenance record obtained from the Hongyuan peat is the 
constancy of the geographical extent of the dust emission regions throughout the 
Holocene. It is generally assumed that the extent of aeolian deposits in northern 
China did not change much during the Holocene compared to the large changes 
observed at the Last Glacial Maximum. Furthermore, the geographical extent of 
deposits such as the Taklamakan, Badain Jaran and Tengger deserts is controlled 
by their tectonic setting. Given that these deposits are surrounded by high 
mountain ranges which supply them with aeolian material, it is unlikely that the 
aformentioned deserts will have changed in extent throughout the Holocene. The 
loess deposits on the other hand already consist of transported aeolian material 
and are not constrained by such tectonic settings. It is possible the extent of 
these deposits would respond to changes in environmental conditions in central 
Asia (e.g. noted vegetation changes on the loess plateau after 3.1. kyr BP 
(Huang et al., 2002)). 
5) The major source contributors of the modelled deposition flux are the 
Taklamakan desert and loess deposits, in agreement with geochemical 
interpretations in the core. However, the Thar desert is also an important 
contributor to the dust deposition flux at the peat core grid cell, with 18% of the 
total deposited dust originating from this source, whereas geochemical 
provenance tracers measured in the peat core dust itself indicated the absence of 
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dust from this source throughout the time interval of peat growth. This 
discrepancy may partly be the result of the large overestimation of dust 
emissions from this source, but could also arise from inaccuracies in simulated 
meteorological conditions over the model domain and around the Tibetan 
Plateau, where observation stations are sparse. The discrepancy between model 
results and observation may also suggest different meteorological conditions 
above the Indian peninsula today than which dominated throughout the datable 
section of the peat core. 
6) Overall the numerical model simulations performed with REMOTE suggest that 
the model holds the potential to become an appropriate tool for further studies of 
the dust cycle in Asia. However, a number of improvements should be made to 
the dust emission scheme before follow-up work using REMOTE is carried out:  
  - Source specific soil surface properties based on previously published sampling 
campaigns should be integrated into the model, with more accurate 
representations of the size distribution of each desert surface and the proportion 
of erodible surfaces. 
- The annual mean of the surface roughness length extracted from the dataset 
presented by Hagemann (2002) can be used as input data in the expression of the 
threshold wind friction velocity as a function of non erodible elements (equation 
6). 
- The seasonal cycle of vegetation cover, rather than the annual mean, could be 
included into the parameterization of dust emissions to better represent the 
extent of erodible surfaces. 
 - The effects of soil moisture should be taken into account in order to assess 
their impact on particularly high summer dust emissions in both the Chinese and 
Indian deserts.  
 - Another important consideration to take into account would be the integration 
of a size separated vertical flux, with particles from different size bins 
transported as different tracers (Langmann et al., 2008). Information for such a 
size distribution could come from two sources. First, Zhang et al. (2003b) 
measured the size distribution of dust particles above different Asian dust source 
regions during the ACE-Asia campaign of spring 2001. Second, the surface 
samples from the Qaidam basin and Taklamakan, Badain Jaran and Tengger 
deserts were collected from preferential source areas within each desert and 
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were subsequently size separated. Such a size distribution may provide another 
representation of the size distribution of the vertical dust flux. 
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Chapter 9 
 
Conclusions 
 
The history of changes in palaeomonsoon dynamics in central Asia can be 
reconstructed through the study of past atmospheric circulation pattern and wind 
strength derived from well-dated terrestrial records of dust deposition such as peatlands. 
The measurement of reliable geochemical indicators in these archives allows the study 
of both dust fluxes and dust sources, providing a comprehensive dataset of changing 
atmospheric conditions at a given location. Such records are necessary in the 
climatically sensitive transitional regions of central Asia, where environmental archives 
have revealed out-of-phase responses to the monsoon evolution recorded in high-
resolution cave deposits.  
This study examines an uninterrupted terrestrial record of changing atmospheric 
circulation and environmental conditions on the eastern Tibetan Plateau during the 
Holocene. Geochemical measurements of mineral dust deposited in a 9.5kyr 
14
C-dated 
peat core from the Hongyuan peatland enables the reconstruction of changes in dust 
fluxes and in the dominant dust sources, thus allowing the interpretation of changing 
wind strength and wind direction. Furthermore, such terrestrial records of dust 
deposition are important for the evaluation of numerical model simulations of the Asian 
dust cycle. The establishment of such a record calls for several geochemical 
considerations, not least the determination of reliable provenance indicators, which are 
able to distinguish between the different potential dust sources and can be measured in 
the archive. The conclusions drawn from the present study are outlined below: 
 
1. Suitability of the analytical method and data quality control are paramount for 
provenance studies of mineral dust, to ensure that direct comparisons between 
the compositions of the dust sampled in the source regions and recovered from 
the dust archive is appropriate. A hot plate-based dissolution method using 2ml 
HF and 0.5ml HNO3 for 0.1g of sample was showed to provide a rapid and 
reliable method for the measurement of the major elements, the trace elements 
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Sc, Y, Th, Sr and Pb and the rare earth elements La-Yb in mineral dust samples 
from a wide range of origins.  
2.  Reconstructing the source of mineral dust deposited in climate archives such the 
Hongyuan peatland requires the identification of reliable provenance indicators 
that unambiguously distinguish between the different Asian dust sources 
considered. In addition, considerations regarding the correct particle size to 
analyze in the source regions must be taken into account. Analysis of different 
size fractions of surface sands from the Chinese deserts showed that the ratios 
Y/∑REE, La/Er, La/Gd, Gd/Er, La/Yb, Y/Tb, Y/La, Y/Nd and Eu/Eu* (all REE 
normalized to post-Archean Australian shale, PAAS) are independent of particle 
size and can be applied to the long-range provenance tracing of Asian dust even 
when only bulk samples are available in the source region. These tracers allow 
the distinction of the Thar desert and the Chinese loess plateau from the 
remaining Chinese deserts. The ratios La/Th, Y/Tb, Y/∑REE, Th/∑REE, Sc/La 
and Y/Er can be measured in the fine fraction of different Chinese desert sands 
to distinguish between them. According to a comprehensive analysis of different 
provenance indicators, the ratio Y/Tb is the most appropriate for the 
geochemical distinction of different Asian dust sources. 
3. The use of ombrotrophic peatlands as reliable repositories of past dust 
deposition was illustrated by the measurement of rare earth elements and other 
trace elements in the Hongyuan peat core. Geochemical analyses of the dust 
recovered from the peat showed that the REE and Pb were immobile in this 
matrix. Comparisons between their relative concentrations in the core and in the 
different Asian dust sources demonstrated that these elements were appropriate 
for the provenance tracing of dust in peat. 
4. Analysis of different provenance tracers in the core identified the local soils 
surrounding the peatland, the Taklamakan desert of northwestern China and the 
Chinese loess plateau of northern China as the dominant sources of aeolian dust 
to the eastern Tibetan Plateau throughout the Holocene. The different phases of 
dust deposition were reconstructed using a number of different tracers, which 
provided consistent interpretations regarding the timing of dust source changes 
recorded in the peat. The results presented in this thesis demonstrate the need for 
such a multi-proxy approach for the accurate reconstruction of past atmospheric 
circulation patterns. 
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5. The history of changing dust sources to the core provided information on the 
dominant wind currents which affected the eastern Tibetan Plateau during the 
Holocene. Dust input from the Taklamakan desert and Chinese loess plateau 
were likely driven by the Westerly jet and the northerly East Asian winter 
monsoon respectively, and the history of changing fluxes from these sources 
was interpreted as changing strength and position of the two wind currents. A 
growing influence of the winter monsoon after 4.8 kyr BP, as indicated by a 
number of rare earth element-based tracers, could point to the onset of dryer, 
colder conditions on the Tibetan Plateau during the late Holocene, 
accompanying the end of the Holocene megathermal period identified in a 
number of environmental archives in this region. All provenance indicators, 
including Pb isotopes, indicate two significant episodes of centennial-scale 
strengthening of the winter monsoon between ca. 3.1-2.6 and 1.3-0.9 kyr BP.  
6. Comparison of the Hongyuan record of changing atmospheric circulation above 
the eastern Tibetan Plateau with other climate archives in Asia and in the North 
Atlantic enabled the study of teleconnections between different components of 
the climate system. Episodes of enhanced winter monsoon conditions recorded 
at Hongyuan correlate reasonably well with decreases in East Asian summer 
monsoon intensity and notably with Indian summer monsoon intensity, as 
recorded by cave deposits in southern China and Oman. This suggests that the 
winter monsoon may have displayed an out-of-phase behaviour with these two 
systems throughout the Holocene. The longer term influence of the winter 
monsoon over the eastern Tibetan Plateau observed after 4.8 kyr BP mirrors the 
slow reduction in East Asian summer monsoon intensity during the late 
Holocene derived from cave records, as well as the decreasing air temperature 
over Greenland. Both trends have been associated with the reduction in 
orbitally-induced northern hemisphere solar insolation, which may suggest a 
similar control on long-term trends in the winter monsoon. On the millenial- to 
centennial scale, periods of increased winter monsoon influence over the 
Tibetan Plateau are generally well correlated with Bond events in the North 
Atlantic, suggesting a link between the climate histories of monsoonal Asia and 
of the northern latitudes, with North Atlantic instabilities possibly propagated to 
East Asia through variations in the strength of the Westerly jet. Following from 
these interpretations, it seems that the strength of the winter monsoon over the 
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eastern Tibetan Plateau may respond to changes in solar insolation and northern 
hemisphere climate. 
7. Numerical modelling studies provide an opportunity to study the factors 
affecting dust emissions, transport and deposition and investigate the 
relationships between dust burdens and the Asian monsoon climate, with the 
ultimate aim to predict monsoon variability and its impact on populations. 
However, the interpretation of model results is only warranted if these can be 
successfully evaluated against observation data. Comparison of numerical model 
simulations of dust emissions, transport and deposition to Hongyuan with the 
results obtained from the peat core demonstrates that terrestrial archives such as 
peatlands, which provide information on both dust fluxes and provenance, are of 
great use for the evaluation of model performance. Dust deposition fluxes 
simulated using REMOTE agree well with the average fluxes and major dust 
sources identified in the core, but sensitivity tests along with results from 
published work show that dust emissions are very sensitive to the correct 
parameterization of erodible soils and their surface properties. The results 
suggest that, with further refinements to the dust emission scheme and in the 
temporal parameterization of environmental factors such as vegetation changes, 
the regional model holds the potential to study past and present dust cycles in 
Asia. 
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Future work 
 
In view of the significant economic and human impacts of unpredicted short-term 
palaeomonsoon variability in Asia and the need for better targeted environmental policy 
decisions, the necessity for a link between the palaeoclimatology and numerical 
modelling communities has never been greater. Well-dated terrestrial archives of dust 
deposition, located in strategic and remote areas such as the Hongyuan peatland, can 
offer unparalleled insight into the natural evolution and variability of the Asian 
monsoon and provide useful constraints to drive and evaluate numerical model 
simulations. If the Holocene changes in Asian monsoon variability, and inferred driving 
mechanisms, are to be well constrained, more reliable and carefully handled records of 
past atmospheric circulation patterns are necessary, especially in transition regions 
between different Asian monsoon sub-systems. Following from the results presented in 
this thesis, new experiments can be designed to confirm the interpretations which were 
made. 
1.  Further testing of the provenance tracers proposed in this work is needed, 
through the analysis of more surface samples from the different Asian dust 
sources. The samples from the Chinese deserts (Qaidam basin and Taklamakan, 
Badain Jaran and Tengger deserts) analyzed in the present were collected as part 
of a large scale sampling campaign run by the State Key Laboratory of Loess 
and Quaternary Geology of the Chinese Academy of Sciences in Xi’An, China 
and the Department of Earth and Planetary Science, University of Tokyo, Japan. 
In these labs, analyses of other physical properties of these samples such as the 
crystallinity index or electron spin resonance were carried out and showed that 
the signature of each individual source was well constrained. From the results 
obtained in this thesis, it seems that the geochemical composition of the desert 
surface sands is also well constrained but it would be useful to measure the same 
geochemical proxies in more surface samples from each desert to unequivocally 
establish the general use of the proxies developed here. 
2. The deployment of more aerosol sampling campaigns above and downwind 
from these dust sources, and the measurement of the chosen proxies in the 
aerosol samples would provide invaluable new data for the provenance tracing 
of Asian dust. More such measurements would on one hand provide the means 
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to measure proxies directly in aerosols and hence allow direct comparisons with 
dust deposited in environmental archives throughout Asia, and on the other hand 
allow more comparisons between desert surface samples and recently emitted 
aerosols. The surface samples presented here were compared to published 
geochemical data of suspended aerosols and were shown to display similar 
geochemical characteristics. More such comparisons would provide reliable 
evidence that desert surface samples, which are more easily collected than 
suspended aerosols, can represent the composition of the dust which is 
effectively emitted. 
3. A more comprehensive database of Asian dust sources, including the analysis of 
new deposits, would strengthen the dust provenance interpretations obtained 
from any dust archive. For instance, the Gobi desert of Mongolia, though not a 
frequent dust emitter, has been shown to be an important one through the large 
amounts of dust released during dust storms. With respect to the Hongyuan peat, 
dust from Mongolia could also be transported southward by Winter monsoon 
winds. The geochemical characterization of this source and measurement of 
relevant proxies in the peat core dust could establish whether dust from this 
source further afield was also transported by winter monsoon winds to the core.  
4.  The sensitivity of the Hongyuan peat to slight changes in dust aerosol 
deposition has shown the potential of peat records to provide reliable 
information on past atmospheric circulation patterns. In order to confirm the 
hypothesis that the sudden changes in dust source to the peat from northwestern 
to northern China are indeed a reliable indicator of winter monsoon intensity, it 
would be useful to measure the same provenance tracers in dust recovered from 
more peat cores along a North-South transect along the eastern Tibetan Plateau. 
The northerly winter monsoon winds are the most likely carriers of dust from 
the loess plateau southwards to the eastern Tibetan Plateau, and as such a 
diminishing loess signal should be visible in archives along the same transport 
pathway but further South. A set of three cores along such a transect could 
provide explicit proof that changes in dust fluxes from the loess plateau are 
driven by the changing intensity of the winter monsoon. 
5. A number of relatively straightforward improvements can be made to the current 
parameterization of the dust cycle in REMOTE. As was outlined in Chapter 8, 
such improvements include: 
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  - The integration into the model of source specific soil surface properties based 
on previously published sampling campaigns, with more accurate 
representations of the size distribution of each desert surface and the proportion 
of erodible surfaces. It was clear that similar source surface properties should 
not be assigned to the Thar desert as the Chinese sources. A better representation 
of the properties of this deposit is therefore a crucial first step for the correct 
representation of Asian dust sources in numerical models. 
 - The effects of soil moisture should be taken into account in order to assess 
their impact on particularly high summer dust emissions in both the Chinese and 
Indian deserts.  
 - The seasonal cycle of vegetation cover, rather than the annual mean, could be 
included into the parameterization of dust emissions to better represent the 
extent of erodible surfaces. 
 - The integration of a size separated vertical flux of the emitted dust would 
provide more information on the particles effectively transported to the eastern 
Tibetan Plateau.  
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The influence of climate, hydrology and permafrost on Holocene peat 
accumulation at 3500 m on the eastern Qinghai–Tibetan Plateau 
 
Large, D., Spiro, B., Ferrat, M., Shopland, M., Kylander, M., Gallagher, K., Li, X., 
Shen, C., Possnert, G., Zhang, G., Darling, W.G., Weiss, D. 
 
Quaternary Science Reviews (2009) 28, 3303-3314. 
 
Peatland of the eastern Qinghai-Tibetan Plateau lies at the convergence of the East 
Asian and Indian monsoon systems in eastern Asia. To understand the evolution of this 
peatland and its potential to provide new insights into the Holocene evolution of the 
East Asian monsoon a 6 m peat core was collected from the undisturbed central part of 
a peat deposit near Hongyuan. The age-depth profile was determined using 16 C-14-
AMS age dates, the peat analysed for a range of environmental variables including 
carbon, nitrogen and hydrogen concentration, bulk density, delta C-13 and the 
associated spring water analysed for hydrogen and oxygen isotopes. The age-depth 
profile of the recovered peat sequence covers the period from 9.6 to 0.3 kyr BP and is 
linear indicating that the conditions governing productivity and decay varied little over 
the Holocene. Using changes in carbon density, organic carbon content and its delta C-
13, cold dry periods of permafrost characterised by low density and impeded surface 
drainage were identified. The low delta O-18 and delta D values of the spring water 
emanating around the peat deposit, down to -13.8 and -102% (VSMOW), respectively, 
with an inverse relationship between electrical conductivity and isotopic composition 
indicate precipitation under colder and drier conditions relative to the present day. In 
view of the current annual mean air temperature of 1 degrees C this suggests conditions 
in the past have been conducive to permafrost. Inferred periods of permafrost 
correspond to independently recognised cold periods in other Holocene records from 
across China at 8.6, 8.2-7.8, 5.6-4.2, 3.1 and 1.8-1.5 kyr BP. The transition to a cold dry 
climate appears to be more rapid than the subsequent recovery and cold dry periods at 
Hongyuan are of longer duration than equivalent cold dry periods over central and 
eastern China. Light-dark banding peat on a scale of 15-30 years from 9.6 to 5.5 kyr BP 
may indicate a strong influence of decadal oscillations possibly the Pacific Decadal 
Oscillation and a potential link between near simultaneous climatic changes in the 
northwest Pacific, ENSO, movement of the Intertropical Convergence Zone and the 
East Asian Monsoon. 
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Stable Lead Isotope Compositions In Selected Coals From Around The World 
And Implications For Present Day Aerosol Source Tracing 
 
Diaz-Somoano, M., Kylander, M.E., Lopez-Anton, M.A., Suarez-Ruiz, I., Martinez-
Tarazona, M.R., Ferrat, M., Kober, B., Weiss, D.J. 
 
Environmental Science and Technology (2009) 43, 1078-1085 
 
The phasing out of leaded gasoline in many countries around the world at the end of the 
last millennium has resulted in a complex mixture of lead sources in the atmosphere. 
Recent studies suggest that coal combustion has become an important source of Pb in 
aerosols in urban and remote areas. Here, we report lead concentration and isotopic 
composition for 59 coal samples representing major coal deposits worldwide in an 
attempt to characterize this potential source. The average concentration in these coals is 
35 mu g Pb g(-1), with the highest values in coals from Spain and Peru and the lowest 
in coals from Australia and North America. The Pb-206/Pb-207 isotope ratios range 
between 1.15 and 1.24, with less radiogenic Pb in coals from Europe and Asia 
compared to South and North America. Comparing the Pb isotopic signatures of 
coalsfromthis and previous studies with those published for Northern and Southern 
Hemisphere aerosols, we hypothesize that coal combustion might now be an important 
Pb source in China, the eastern U.S., and to some extent, in Europe but not as yet in 
other regions including South Africa, South America, and western U.S. This supports 
the notion that "old Pb pollution" from leaded gasoline reemitted into the atmosphere or 
long-range transport (i.e., from China to the western U.S.) is important Comparing the 
isotope ratios of the coals, the age of the deposits, and Pb isotope evolution models for 
the major geochemical reservoirs suggests that the PbIC in coals is strongly influenced 
by the depositional coal forming environment.  
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Geochemical tracing of dust in peat and dust samples for palaeoclimatic studies of 
the Asian monsoon 
 
Ferrat, M., Strekopytov, S., Unsworth, C., Dong, S., Sun, Y., Spiro, B., Weiss, D.J. 
 
Poster presentation, 19th Annual VM Goldschmidt Conference, Davos, Switzerland 
(2009). 
 
The Asian monsoon brings annual moisture to some of the most densely populated 
regions of the Earth. The study of mineral dust in climate archives is key to 
understanding the dynamics and forcings of this system, as it allows both the 
quantification of atmospheric deposition (related to climatic conditions) and the 
identification of dust sources (related to atmospheric circulation and wind strength) [1, 
2]. However, there is to date a distinct lack of dust studies in terrestrial records [3]. 
Such a study requires: 1) the identification of a reliable, atmospherically fed archive, 2) 
good mineral dust proxies to discriminate local and long range sources and 3) the 
development of a reliable analytical method for the measurement of such proxies. 
Recent work has demonstrated the potential of peat cores as terrestrial climate archives 
[4] and of Rare earth elements (REE) and various major and trace elements as dust 
provenance tracers [5, 6]. A reliable analytical method for the determination of these in 
low mass peat and dust samples of variable and often unknown origin is still missing. In 
this view, we present our recent analytical developments and propose a series of reliable 
geochemical markers for the identification of dust sources in peat as part of an ongoing 
study of the Tibetan plateau.  
 Seven microwave and hot plate digestion methods were tested on rock, soil and peat 
reference materials. The best results were obtained with  closed-vessel HF/HNO3 
digestion [7] with Al, Fe, Ti, Pb, Rb, Y, La-Tb and Er within 10% of the certified value. 
Samples from five main Asian dust sources and local soils were measured. La/Er, Y/Er, 
Pb/Er and the Eu anomaly were found to be good proxies to discriminate local, Indian 
and Chinese sources, thus enabling us to quantify dust fluxes and past climate dynamics 
in Tibet. 
 
[1] Kurtz (2001) GCA 65, 1971-1983. [2] Smith (2003) EPSL 212, 181-196. [3] Wang (2005) Quat. Sci. 
Rev. 24, 595-629. [4] Kylander (2007) GCA 71, 942-960. [5] Zdanowicz (2006) GCA 70, 3493-3507. [6] 
Yang (2007) Quat. Intl 175, 71-85. [7] Yu (2001) Geostand. Newsl: J. Geostand. Geoanal 25, 199-217  
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Asian Dust Transport in China: A palaeoclimate and modeling study 
 
Ferrat, M., Langmann, B., Cui, X., Gomes, J., Weiss, D.J. 
 
Conference paper abstract for an oral presentation at the Environmental Pollution and 
Public Health meeting (EPPH), Chengdu, China (June 2010). 
 
We evaluate the ability of the regional chemistry/aerosol climate model REMOTE to 
simulate Asian dust transport over China in response to changing Asian monsoon 
conditions. Applied to years of different monsoon strength, model results are compared 
to dust fluxes measured in a 9.5 kyr peat core from NW Szechuan. This palaeoclimate 
archive provides an uninterrupted history of Holocene monsoon conditions and dust 
fluxes to the Eastern Tibetan Plateau and represents a solid long-term framework for 
evaluating model responses to climate change. We present preliminary model results for 
selected months of the year 1996, which displayed normal monsoon conditions.  
Simulation results suggest that dust deposition to the Eastern Tibetan Plateau is 
dominated by wet deposition during monsoon and pre-monsoon months. Model 
deposition fluxes agree within a factor of two with fluxes from relevant sections of the 
peat core, providing encouraging new data in the bid to assess future impacts of dust on 
climate. The yearly simulations must henceforth be carried out under dry and wet 
monsoon conditions and compared to relevant sections of the core. 
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Interpretation of palaeomonsoon dynamics on the Eastern Tibetan Plateau from a 
10kyr peat record of dust deposition and regional atmospheric model simulations 
 
Ferrat, M., Weiss, D.J., Dong, S., Langmann, B., Spiro, B., Large, D. 
 
Oral presentation, American Geophysical Union (AGU) annual meeting, San 
Francisco, USA (December 2010). 
 
The eastern Qinghai-Tibetan Plateau is a climatically sensitive region, located today 
under the influence of the East Asian monsoon, the Indian summer monsoon and the 
westerlies. However, the evolution of atmospheric circulation patterns over this area 
through time remains poorly constrained due to the lack of information on changes in 
past wind trajectories and intensities. The study of this variability in climate archives is 
key to a better understanding of past Asian atmospheric dynamics and the refining of 
regional climate models. 
Our aim is to constrain Holocene palaeomonsoon dynamics over the eastern Qinghai-
Tibetan Plateau through: 1) The geochemical study of atmospheric mineral dust 
deposited in a well-dated, continuous peat core; 2) The interpretation of results with 
respect to atmospheric simulations of dust transport under recent climatic scenarios 
using the regional climate model REMOTE. Dust mobilized by strong winds from the 
large deserts and sandy lands of northern China and India is transported over Asia by 
the different atmospheric currents and the study of mineral dust in our climate archive 
will allow us to: (a) quantify aeolian deposition, and hence study past wind strength; (b) 
identify the dominant dust sources (local, regional and long-range) through the 
application of geochemical provenance tracers, and hence study atmospheric pathways. 
Holocene dust fluxes in the peat core vary from 2-33 g m
-2
 y
-1
. Analysis of the dust 
record and surface samples from the potential source areas indicates that the europium 
anomaly, the ratios Y/Tb, Y/ΣREE, Sc/La, La/Th, Th/ ΣREE and Y/Er, as well as Pb 
isotopes (
204
Pb, 
206
Pb, 
207
Pb and 
208
Pb) are effective geochemical tracers to distinguish 
between the different dust sources. Results suggest that the deserts and loess deposits of 
northern China and the deserts of northwestern China dominated deposition to the core 
throughout the Holocene and particularly during the last 5kyr. Earlier deposition was 
also governed by high local contributions. Input of Indian dust is absent throughout the 
entire period, suggesting that the Indian monsoon was not dominant at the site during 
the Holocene. The geochemical proxies all indicate an increased input from the 
northern sources relative to the northwestern ones between 3.1-2.7 and 1.7-0.9 kyr, 
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accompanied by a two- to four-fold increase in dust flux. We interpret these changes as 
a potential strengthening of the northerly East Asian winter monsoon, in agreement 
with other palaeoclimatic studies in the region 
Modelled annual fluxes to the core for the years 1996-1998 vary between 8-13 g m
-2
 y
-1
 
and originate principally from the Taklamakan desert of northwestern China with 
secondary input from various loess deposits. Simulation results agree well with the 
geochemical data but for a relatively strong input from Indian dust under particularly 
strong monsoon conditions. 
